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Abstract 
The role of surface plasmon (SP) modes of a planar dielectric/metal multilayer struc-
ture have often been overlooked as far as device design is concerned. In this thesis, we 
present experimental and computational results examining the decay dynamics of excited 
molecules in close proximity to SP modes of such systems, which may be of importance 
in determining structural dimensions of devices. 
We systematically investigate the influence of the metal film thickness on the excited 
state lifetime and photoluminescence quantum efficiency of conjugated light emitting 
polymer (LEP) thin films immediately adjacent to and closely separated from the metal 
film. We demonstrate experimentally, and with the aid of calculations, how the long and 
short range SP modes of the metal film in a dielectric/metal multilayer structure are 
chiefly responsible for the lifetime quenching, enhanced quenching and PLQE enhance-
ment, and how they can be effectively controlled by varying the structural parameters 
of the systems concerned. 
We also demonstrate experimentally, and with the aid of calculations, the possibility 
of energy transfer from an excited molecule to an accepter molecule separated by a metal 
film of thicknesses that would otherwise prohibit Dexter or Forster energy transfer. Our 
results suggest that this process occurs due to the out - coupling of surface plasmon modes 
of the metal film and is strongly dependent on the refractive indices of the materials of 
the system. 
We emphasize and demonstrate, to the best of out knowledge, for the first time 
the compatibility between experimental observations with conjugated polymers in the 
aforementioned systems with prediction from classical electrodynamic model, which have 
previously been thought to be incompatible. 
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... all truth, in the long run, is only common sense clarified. 
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1.1 Introduction 
In recent years the interest in optoelectronics has seen a resurgence driven by the 
demand for greener, more versatile, more efficient light sources and solar energy convert-
ers. Together with the newly emerging group of organic semiconducting materials, the 
field of 'plastic electronics' is born. As with the development of many other electronic 
devices, miniaturization is one of the processes this relatively new field inevitably un-
dergoes. With modern fabrication techniques, devices prepared in laboratory conditions 
routinely achieve subwavelength scales in at least one dimension. With such compact 
devices, near - field effects on the active material become increasingly more important; in 
many cases where a device contains layers of dielectric and metallic materials, one of the 
manifestations of this is surface plasmons (SPs). As well as being an effect originating 
from the device structure, SPs have found their way to more focused applications and 
in turn creating its own area of research, often referred to as Plasmonics'. 
The main topic of interest in this work is how excited molecules interact with SPs. 
In the next few sections we will introduce the basics of SPs, some of their important 
properties and behaviour in some simple optical systems. We will also briefly review 
some of the potential applications and current areas of research. Finally, we will outline 
the course of the rest of this work. 
1.2 Basic properties of surface plasmons 
In qualitative terms, SPs represent collective oscillations of free electrons at metal 
surfaces [1] caused by either an optical or electrical excitation. The following derivation 
for optically excited SPs can be found in numerous works in the literature [2, 3]. For 
a single boundary at z = 0 separating two non - magnetic media with local dielectric 
functions Ed for z > 0 and Ern for z < 0 and no external sources, we begin by writing 
down Maxwell's equations: 
and'm  (a) V x H m = a t 
a 1-1 d'm (c) v x Ed,m 
= —11° a t 
(b) 0 = V • ficl'm 
(d) 0 = V • Ed' m  
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where Ed'm can be either real or complex and the superscripts d and m denote dielectric 
and metal respectively. 
The solutions to these equations can, in general, be separated into s - and p - polariza-
tions where E
d,m 
 is either perpendicular or parallel to the plain of incidence respectively. 
For SP solutions, E
d,m 
 must have a component out of the metal surface therefore we 
need only to consider the p- polarization. Choosing the plain of the boundary to be the 
xy plain and z =- 0 at the boundary, we seek solutions of the form: 
      
—d,m E = 
   
e±ikll''Rxei(kil x—wt) (1.2a) 
 
/
\ 
  
 
0 
Hd,mg  
0 
  
   
— in H
d 
' = 
   
e± ±tkd'mxe  t(kli x-wt) (1.2b) 
      
where k11 and k1 are the parallel (in - plain) and perpendicular components of the 
wavevector respectively and ed,mk2 = k2 + kd'm2
. The form of the `±' sign takes II 	±  
is -ve for z < 0 and +ve for z > 0. Substituting equations 1.2a and 1.2b into equation 
1.1d leads to: 
0 = kil Ed,m ± kdrEzd'm 	 (1.3) 
Substituting equations 1.2a and 1.2b together with equation 1.3 into equation 1.1c leads 
to (note the sign change from `±' to `V): 
Hyd fin = Tu.; Ex  on (6° 647n) dm 
k_c 
( 1.4) 
We now apply the boundary condition, where the parallel components of the fields 
are continuous, to equation 1.4 to give: 
Em  	ed 
km — kd 1 	_L 
Eliminating kT and Kt and bearing in mind that Ed'm is a function of w we arrive at the 
(1.5) 
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final, well known, dispersion relation: 
ern () )co ed 
+ E
(
d 	( w
) 
) ksy(w) = kii(w) — 	Ern ( w  wc (1.6) 
where we have also substituted for k = w l c , and k,p is the value of kii at the SP 
resonance. For modes that are bound as z 	oo, krin and kl must have opposite 
signs, and following equation 1.5, Em and ed must also have opposite signs. One particular 
system that satisfies this condition is the boundary between a dielectric and a metal. 
Figure 1.1 shows the SP dispersion for an air/Ag boundary, illustrating the momentum 
difference between SPs and free - space photons. 
1 	2 	3 	4 	5 
k I x 107m' 
Figure 1.1: Surface plasmon dispersion relation for an air/Ag boundary for real 
values of f air  and EA g . The free-space light- line is shown by the grey dotted line. 
From the above derivation, we can extract the e-1  penetration depth of the SP 
mode field into each media (Lm and Ld), and also its propagation length (LsP) along 
the boundary by taking the reciprocal of the imaginary part of kfir and k11  respectively. 
For a single air/Ag boundary, L8P = 19.1 pm, Lm = 25 nm, and Ld = 262 nm. In practice, 
we often find situations where the metal region is of finite thickness. This is illustrated 
in figure 1.2 where the real part Hy of the SP modes on each boundary of an Ag slab 
in air is shown. For a thick Ag slab where the separation between the boundaries 
is large, the SP modes on each of the boundaries can be considered as independent. 
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As the boundaries are brought closer together the field within the metal can begin to 
interact. The result can proceed in two different possibilities. When the fields on both 
boundaries are in phase (symmetric), the result is the spreading of the field out into the 
outer media. With much of the field outside the metal slab, the loss experienced by the 
mode is significantly reduced, consequently increasing the propagation length. On the 
other hand, when the fields are out of phase (asymmetric), the result is an increased 
confinement of the mode within the metal slab, reducing the propagation length. 
We can also see from equation 1.6 that k11 is always greater than k. In order to excite 
such an electromagnetic mode extra momentum must be acquired. Several techniques 
have become common practice, the most common of which is prism coupling. In a 
typical experimental setup (figure 1.4A) a thin layer of metal, usually silver or gold, is 
deposited on to one side of a hemispherical or triangular prism. Monochromatic light 
incident on the boundary through the prism will be, providing the incident angle is 
greater than the critical angle (0,), totally internally reflected. Beyond this, at the 
resonant angle, (08p) the evanescent wave at the point of reflection which penetrates 
the metal film acquires the additional momentum and couples to the SP mode of the 
metal/air interface [4], consequently the reflectivity drops to a minimum. This is also 
known as the Kretschmann configuration. Figure 1.3 shows the calculated and measured 
reflectivity from a 45 nm thick Ag film coated on a BK7 prism with the characteristic 
minimum occurring at approximately 43°. A variation on this technique is also in 
common use where the metal layer is separated from the prism by a small air gap [5]. 
As mentioned above, both techniques require p- polarized light. 
Another commonly used technique is to utilize scattering from periodic surface mod-
ulations to gain the extra momentum required [6-9]. The resonance condition is given 
by the following expression [10]: 
27r w ksp(w) = --c-V sin0; + A c 
Em(w)Ed(w) 
Em(w) + Ed(w) 
(1.7) 
where A is the grating constant. This is a convenient way of fabricating SP couplers 
with other integrated components as the fabrication process are similar and the nature 
of the technique allows for coupling with a much higher degree of precision. A schematic 
diagram of this techniques is shown in figure 1.4B. 
C 	 F 
Re[H ] 
E 
AD Re[H 
B 
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Figure 1.2: Interaction of SP modes on the boundaries of an Ag slab (shaded 
areas) surrounded by air. A - C: As the thickness decrease, the initially localized 
modes interact in phase, resulting in the spreading of the mode into the surround 
air. D - F: Modes are out of phase resulting in confinement within the Ag slab. 
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Figure 1.3: Calculated (line) and experimental (circles) data of the reflectivity of 
a 45nm thick Ag film on a BK7 prism in a Kretschmann configuration setup. 
A = 633 nm. 
A 
	
B 
Figure 1.4: Schematic diagrams illustrating A) Prism coupling and B) grating 
coupling. 
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1.3 Applications 
With modern developments in nanotechnology, many of the properties, including 
propagation length and confinement, of SP modes can be fine tuned for specific purposes. 
This has led to applications in many areas of integrated optoelectronics. 
The sensitivity of the resonant condition to the dielectric functions of the surrounding 
media has long been exploited in a biomedical context for sensing applications where 
small traces of chemicals or molecules can cause a change in the refractive index. This 
can be easily detected by the change in the resonant angle in a prism coupling setup 
[11]. This area of development has seen the most progress in recent years and devices 
are beginning to become commercially available. 
On rough metal surfaces or surfaces with nano - scale metallic features the electro-
magnetic fields of the SP mode is highly localized, and can be either broadband or 
tailored to a specific wavelength. Not only can the excitation field be enhanced, the 
emission from particles or molecules in the close vicinity can also be great enhanced. 
This phenomenon is the principle behind surface enhanced Raman spectroscopy (SERS) 
where the enhancement factor can be as great as 11 to 15 orders of magnitude [12-15], 
which enables the detection of single molecules. 
Surface plasmons has also found application in the area of data storage, where the 
dependence on the shape and aspect ratio of the SP modes of metallic nano - rods have 
been exploited for multi - dimensional optical recording [16]. 
Because of the sub - diffraction - limit confinement that can be achieved, SP modes 
have long been considered as an ideal candidate for a new class of highly compact optical 
devices where the goal is to condense many devices (e.g. light source, waveguides, 
modulators, filters) onto a single chip. Many of these devices involve a complex level 
of device design with intricate patterning and shaping of metallic features with sizes 
well below the wavelength of light. With appropriate patterning and spacing, the modes 
excited at these particle - sized features can either be confined at the particles or at the 
gaps between particles. These are often referred to as 'particle' and 'gap' plasmons 
respectively, both of which can be used for guiding purposes with much reduced losses 
[17]. At a more developmental stage, various workers have proposed mechanisms for 
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reducing the losses in the propagation of SP modes by employing gain materials in close 
proximity to the metal surface, much like amplifiers and lasers in more conventional 
optics [18-21]. Other, amongst many, active applications of SPs include plasmonic add-
drop filters [7], switches, and modulators [22]. 
1.4 Other research activities 
Many of the applications mentioned above, active devices in particular, are still in 
early stages of development and are subject to considerable efforts in research. One such 
area is the application of SP modes to enhance the extraction efficiency of light emitting 
diodes (LED) [23, 24]. 
The phenomenon of extraordinary transmission of light through an array of subwave-
length holes or slits has also received much attention in recent years. In experiments, the 
transmission is found to be greater than the total area of the apertures would allow, even 
if the incident wavelength is much greater than the diameter of an individual aperture 
[25]. Theoretical analyses show that this is due to tunnelling effect caused by SP modes 
on the surface of the hole array [26, 27]. 
On a topic more analogous to photonic band gaps, plasmonic band gap arising from 
1 D periodic surface modulations have been reported where the surface modulations 
provide a thickness contrast similar to the refractive index contrast in photonic crystals. 
When the mode wavevector is half the grating wavevector, standing waves are generated 
and no propagation is allowed [28, 29]. Within the band gap, no mode is supported, 
but at the band edge the mode density is high and consequently the fields will be 
greatly enhanced. This can potentially be exploited in SERS applications [30]. Further 
development in patterned surfaces have led to research in spectroscopy involving 2 D 
as well as 1 D periodic metallic structures [31-33] and of individual nano- structures of 
various shapes and sizes [34]. 
1.5 Our perspective & thesis outline 
Many of the applications referred to above incorporate an active material, often 
light emitting, in close proximity to a metallic surface. With many constituent parts of 
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a device having dimensions below 100 nm, SP effects become crucial to the outcome of 
device performance. It is the aim of this work to investigate how excited molecules within 
a dielectric/metal multilayer structure interact with the SP modes of the structure. We 
will restrict our focus to 1 D (planar) systems where analytic models have been developed, 
although we will see that even in such simple systems the physics is no less interesting 
and is of important practical relevance. 
The rest of this thesis is organized as follows. In chapter 2 we will detail the the-
oretical approach of quantifying the interaction of an oscillating dipole with a system 
consisting of layers of dielectric and metallic media and examine the role of some key pa-
rameters illustrated by simple idealized and physical examples. In chapter 3 we introduce 
some of the optical properties of the materials that are used to fabricate multilayered 
structures and their method of preparation. We also describe the primary experimen-
tal techniques employed to examine these structures and discuss the details of the data 
analysis. In chapters 4 and 5 we present calculations and experimental results using the 
various tools from previous chapters, exploring the coupling of organic excited molecules 
to SP modes of planar systems and how this can be controlled by modifying the struc-
tural parameters. Finally in chapter 6 we provide a summary of our work and discuss 
possibilities of future work. 
Chapter 2 
Excited Dipoles Near Metal 
Surfaces 
21 
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2.1 Introduction and review 
The idea of electromagnetic waves from an approximate point source interacting 
with a reflective surface is not new. Sommerfeld originally provided a mathematical 
description in his treatment of radio waves propagating above the Earth's surface using 
Hertzian vectors in the 1940s [35]. Interest in the subject was renewed in the 1960s 
when Kuhn published work on the energy transfer from molecules to planar reflective 
surfaces in terms of classical image force theory [36] and the development in the Lang-
muir - Blogett technique for thin film deposition allowed Drexhage to conduct a series 
of experiments to verify Kuhn's work [37]. Although these experiments showed good 
agreement with predictions at relatively large emitter/reflector separations, discrepan-
cies appear at small separations. To remedy this, Sommerfeld's and Kuhn's treatments 
were adopted and extended by Chance et al. [38, 39] and Morawitz et al. [40] which 
produced good agreement at all emitter/reflector separations. An alternative approach 
was developed by Ford et al. [41] in which the dipole emission field is expressed in terms 
of its plane waves Fourier expansion and separated into s- and p- polarizations. Both 
Chance et al. and Ford et al. identified the role of surface plasmon (SP) modes in their 
work, however the importance of their role in energy transfer was not fully explored. 
Further developments were made from a quantum mechanical point of view [42] and to 
accommodate for quadrupoles using the dyadic Green's function approach [39, 43, 44]. 
Recently, the works of Drexhage and Chance et al. have been repeated with specific 
emphasis on the energy transfer to SP modes [45, 46]. The theory work of Chance et al. 
and Ford et al. have also been successfully applied to other light emitting materials such 
as Si nano-crystals [47], quantum wells and dots [48, 49] and other organic polymers 
[50, 51], in systems such as microcavities [52, 53] and LEDs [54]. 
In later chapters of this work we will employ the model developed by Ford et al. for a 
quantitative description of our experimental results. The final equations of this method 
arid that of Chance et al. are essential equivalent, but the method of Ford et al. has 
the advantage of clearly separating the emission field into radiative and non - radiative 
parts, and the derivation of which allows for the addition and modification of layers to 
the systems without complications. In the next section we detail the key components 
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of the model. This is followed by some examples, both idealized and experimental, 
demonstrating the usage of the model. We will also discuss some of the constraints and 
limitations when applying this model to real physical systems. 
2.2 Dipole interactions with dielectric/metal multilayers 
The method that follows is described in detail in reference 41, therefore only the 
essential points are outlined. The aim is to calculate the total power emitted, which is 
approximately proportional to the decay rate, by an oscillating dipole in the environ-
ment of a dielectric/metal multilayer structure and the various contributions of decay 
channels that result in such a decay. Treating a molecular exciton as an oscillating 
dipole, we shall proceed using a classical electrodynamic approach. The method can be 
divided into three stages. First we consider a freely oscillating dipole in an isotropic 
and homogeneous medium that has a well known analytic result. Then we introduce a 
single dielectric/metal boundary where the reflection must be included in the analysis. 
Finally we generalize the system to a multilayer structure where there are now multiple 
boundaries. Figure 2.1 shows an illustration of the three different scenarios. 
We begin by consider an oscillating dipole of the form, pe—iwt, residing in free- space 
where p is the dipole moment in an infinite dielectric medium with dielectric constant 
Ed (fig. 2.1A). The total power emitted by the dipole is related to the electric field at 
the position of the dipole by the following expression [41]: 
	
= 24)- Jm (p,* . E) 	 (2.1) 
where <9, is the power emitted by the dipole and E is the electric field at the position 
of the dipole. The task now is to determine the E field by solving Maxwell's equations. 
We proceed by introducing the Fourier expansions of the E and B fields: 
E(P) = I Ek eif" dk 
	
(2.2a) 
B(P) = f Bk eiklj dk 
	
(2.2b) 
Ed-2 Td-2 
8d-1 Td-1 
Ed  Td 
Ed E'd .---.— — 
6,1+1 I1-d.1 
Ed1-2 I Td-,2 
zi 
Zd-3 
Zd-2 
Zd-1 
Z =0 
Zd  
Zd .l  
Zd+2 
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A 
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Figure 2.1: Schematic diagram of three scenarios. A) Freely oscillating dipole 
in an infinite dielectric medium. B) Oscillating dipole adjacent to a single dielec-
tric/metal boundary. C) Oscillating dipole in a generic dielectric/metal multilayer 
structure. 
where p is the position of the dipole and k is the wavevector. By eliminating Bk using 
Maxwell's curl equations, an expression for E(p) can be obtained which can then be 
substituted into equation 2.1 to give the following expression: 
(i4211(kd2 	411
2) + 	dk ll 
 
A 	 g4 di = 9:te f 0 	-.E dqd 
(2.3) 
where k11 is the in-plane component of the wavevector, gd = 	— , kd = w ea 
and pi' and pi are the parallel and perpendicular components of the dipole moment 
respectively. Equation 2.3 can be easily evaluated and we find that this reduces to the 
classic Larmor formula [55]: 
Ittl 2w4  
f`ree = 3 c3  
where 9f fTee is the power emitted by a freely oscillating dipole. 
The next stage is to introduce a dielectric/metal boundary. As shown in figure 
2.1B, the field in the region 0 < z < zd must be modified due to the reflection of 
(2.4) 
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the dipole field from the metal surface. This reflected field can act to either drive 
or dampen the dipole oscillation. To properly account for the reflection, we need to 
consider the different responses for the two different polarizations. This is achieved by 
decomposing the downward E field into s and p- polarizations and modifying this with 
a superposition of the reflected field. The total field can then be substituted back into 
equation 2.1 to give the following expression for the total power emitted: 
g = 91c 
wk II  ( 2 (k2 	5 s e-2ig azdi 	d [1 — rase-2igazd ] ) 
JO 
d 	
+ r.d  
LIEdqd 	 (2.5) 
+2141q [1 + rte-2iqdza]) -4'11 
where ,97, is the total emitted power, and rfi, and s are the Fresnel reflection coefficients 
of the boundary. Here, qd will in general be complex and we note that in the limit of 
zd —> oo, equation 2.5 reduces to equation 2.3, i.e. freely oscillating dipole. 
The final stage is to generalize to a multilayer structure where there are multiple 
boundaries above and bellow the dipole. As shown in figure 2.1C, the E field at z = 0 
will now depend not only on the reflection from the layers in the z < 0 region but 
also from the layers in the z > 0 region. By summing the geometric series formed by 
the multiple reflections at the Zd and Zd_1 boundaries, the terms in square brackets in 
equation 2.5 are replaced by the following three terms (see appendix for more detail): 
e-2iqdzd) (1 	r sie2iqazd_i) 
4(71 	
(1 ±
,1, qd) 	(1 ..._ rT r sle2iqdTd) 
(1 — qe-2iqdzd )(1 — rPi e2i gdzd-1 ) 
Mr1;,11 qd) (1 — rr1e2iqdTd) 
(1 + TI;C-2igdzd )(1 	T19.1 e2igdzd—i ) 
and we arrive at the final general expression for the power emitted by an oscillating 
dipole in a dielectric/metal multilayer structure: 
T 	91c I A •1 
,.„ 	
(idn 
	 ( 	 /1,2 
1
rts(s 	+ qd 
 [f IT (ri;1, qd)])  = -±edqd 
+ 2au1lq[fil(rPt,1,qd)1) dkil 
(2.7) 
qd) = (1 _ 	ezigazo 
(2.6a) 
(2.6b) 
(2.6c) 
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In equations 2.6a, 2.6b and 2.6c, ris'P and Tr are defined as the ratio between E+ 
and Ed— , and between Ed—_1 and E;F", 1  respectively as shown in figure 2.1C for the s- and 
p- polarizations, indicated by the appropriate superscripts. For simple structures with 
few boundaries, full expressions for ris'P and rr can easily be found. But in anticipation 
for structures that may have a large number of interfaces, it is convenient to use the 
transfer matrix method. The total upward (similarly for downward) reflection coefficient 
at z =0 are given by the following expressions [56]: 
all a12 = 	1 rsd'P 	e2 ri ( 
a21 	a22 	
j=n-1 	_io. 	s,p e , _i6. 
H
I'd") 	1 	j=d+1 	7' js'P  ei5i 	ei8i 	
(2.8a) 
a
a21 r s'P = — 1- 
	
	 (2.8b) n 
where n is the total number of layers including the substrate and superstrate, oi =qiTi 
and Ti is the thickness of layer j. rd ,i is the Fresnel reflection coefficient of the interface 
at zd 
2.3 Basic results from Ford et al. model 
2.3.1 Power spectrum 
When examining the various electromagnetic modes of a given planar system, modes 
are often categorized by their in- plane wavevector, k11 . For this reason it is more conve-
nient to consider the integrand in equation 2.7 as well as ,97. itself [41]. This quantity 
is more commonly referred to as the k- space power spectrum (or simply as the 'power 
spectrum') and is effectively a distribution function in k- space. Figure 2.2A shows the 
power spectrum calculated at A = 536 nm for a dipole in air, oriented parallel to and 
22.5nm away from an air/Ag boundary (see inset). Typically the power spectrum can 
be split into two regions by the light - line of the upper half- space, in this case, air. For 
convenience, we will use the normalized in - plane wavevector, k11 = klyko  The line 
k1 = 1 (free - space light - line) then divides the power spectrum into two parts. Bellow 
the light - line is the radiative part, so called since emission in this part can couple to 
free - space radiation. Above the light - line is the non - radiative part, so called because 
103 
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10° 
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10-2 
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emission in this part cannot directly couple to free - space radiation. Non - radiative 
modes (waveguide and SP) can be identified by peaks in the power spectrum. In figure 
2.2A, only one non - radiative mode exists which is the single boundary SP mode. The 
value of 1;11 at the peak corresponds to the SP resonance, Lp = I  pair E Ag The long 
Eair EAg 
tail in this power spectrum with large values of ill is usually associated with lossy surface 
waves and approaches zero as Z11 —> oo. 
A 
22 5nm 
10 3 	 
01 
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Surface Plasmon 
Non-radiative 
10 
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Long Range 
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Non-radiative 
1 0 
kll 
Figure 2.2: Power spectra for a dipole oriented parallel to A) an air:Ag interface 
and B) a single Ag slab 30 nm thick bounded by two semi - infinite air half spaces. 
Distance between dipole and Ag is 22.5 nm. A = 536 nm. 
Shown in figure 2.2B is the power spectrum where we now have a finite Ag film, 
30 nm thick, instead of a semi - infinite Ag half- space. With the addition of an extra 
1o 3  
	• , . • . • 
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Ag/air interface the structure is now able to support two SP modes. In this example 
the Ag layer is sufficiently thin for the field within to interfere which results in the two 
hybrid modes with different values of 1%, similar to those shown in figure 1.2B and 
1.2E. These appear as two separate peaks in the power spectrum with different values 
of ksp. The narrower peak corresponds to the mode with its field predominantly outside 
the Ag layer. Experiencing less loss, we will label this the long range SP mode. The 
broader peak experiences higher losses due to more of the field being inside the Ag layer, 
therefore we will label this mode the short range SP mode. 
Up to this point we have only discussed calculations where the orientation of the 
dipole is parallel to the layer boundaries, but it is obvious from equation 2.7 that 9 
depends strongly on the orientation of the dipole. Although in later chapters we will 
find that it is sufficient to restrict our consideration to a parallel dipole, it is important 
to note the results for a perpendicular dipole. Figure 2.3 shows the power spectra for the 
two different dipole orientations above a single slab of 30 nm thick Ag. A radiating dipole 
has a well known hourglass emission profile. In the case where the dipole is oriented 
parallel to a plane the emission is predominately perpendicular to the plane, where as 
for a dipole oriented perpendicular dipole to the plane the emission is predominately 
parallel to the plane. This difference is reflected in the radiative part of their respective 
power spectra where the curve for a perpendicular dipole is skewed towards Z11 =1, which 
is equivalent to right angle from the normal. 
Apart from this distinction in the radiative part of the power spectrum, figure 2.3 also 
shows an increase in the power emitted into the non-radiative part by a perpendicular 
dipole. In a simple system such as that shown in figure 2.3, essential features such as the 
number of modes and the width of their peaks do not depend on the dipole orientation. 
However, as we will show in section 2.3.3.3, when waveguide modes are involved the 
picture becomes more complicated. It should be noted here that the effect of dipole 
orientation must be taken into account when considering molecules where there is a 
significant out - of- plane component of the dipole moment. In the case of molecules that 
do not have a preferred orientation the total emitted power is 9, = 1/3 91   + 2 
where 9, is equation 2.7 with 	PII=° and  911 is equation 2.7 with 	11,11=1. 
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Figure 2.3: Power spectra of a A) parallel and B) perpendicular dipole 22.5 nm 
above a 30 nm thick Ag slab, semi-infinite air half spaces above and bellow. 
A = 536 nm. 
2.3.2 Power, decay rate, lifetime & quantum efficiency 
Having introduced the power spectrum as a quantitative description of the power 
distribution, we must now extract useful quantities that are comparable to those phys-
ically measurable. Bearing in mind that in the latter parts of this chapter and in later 
chapters we will be examining the excited state lifetimes and quantum efficiencies of 
various planar structures, we proceed by first taking equation 2.7 and rewrite it as: 
dY' 
= 
0 at9 
(2.9) 
where th.9/dkil is the integrand on the right hand side of equation 2.7. We also note 
that ,447, is proportional to FT where r, is the total decay rate [41], and ,97, (FT ) can 
be separated into .9 .`„ (FR ) and g),,, (I'NR ) where [57] 
	
d 	 ,9 
(a) ,9 	
ka 
d 
= 	dk 	(b) „ = f — dki 
we can now write: 
(2.10) 
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(a) 	oc 	(b) Q = 	R 
T 	 T 	 (2.11) 
where 2 and Q are the lifetime and quantum efficiency respectively. As it stands above, 
gN, incorporates power emitting into all non - radiative components (e.g. SP modes, 
waveguide modes, and lossy surface waves). 
In the calculations in section 2.2 leading up to equation 2.7, the oscillating dipole is 
presumed to have an efficiency of unity in free - space. In practice, the efficiencies of most 
materials are rarely perfect due to intrinsic non-radiative processes such as intersystem 
crossing and material defects. Therefore, when making use of equations 2.11a and 2.11b, 
an additional factor must be applied in order for a meaningful comparison. Alternatively, 
by maintaining the constituent materials and only varying the spatial parameters of the 
structure, the complication of the additional factor can be circumvented. This will be 
the approach we take for the majority of this work. 
2.3.3 Effect of varying different parameters 
2.3.3.1 Dispersion 
As we have already seen, the simplest structure aside from an infinite medium is 
a single dielectric/metal boundary. As discussed in chapter 1, this has an analytic 
expression for the dispersion relation of the SP mode and provides a good platform for 
us to demonstrate the validity of using this model. Shown in figure 2.4 is the power 
spectrum of parallel dipole, surrounded by air and 22.5 nm above a silver half- space, as 
a function of both w and k11 in the form of a grey-scale map. In this representation, 
modes that appear as peaks in an individual power spectrum become dark bands. 
We can see that, as expected, the SP peak follows the dispersion relation given 
by equation 1.6 and shown by the blue dotted line in figure 2.4. At low frequencies 
(co <-5x1015s-1) the SP peak is well defined but as w approaches the value of 	
cop, 
\/Ed + 1'  
where wp is the plasma frequency, the peak begins to broaden and eventually extends to 
the large 191  region. In the work that follows, the emission of the materials used fall well 
within the low frequency range. 
Chapter 2 	 31 
6 
'7 	5 
0 
4 
3 
0 
	
1 
	
2 	3 
	
4 
	
5 
k„ x 107m-1 
Figure 2.4: Calculated grey - scale map of the power spectrum as a function of w 
for a parallel dipole 22.5nm above an air:Ag boundary. The dark band represent 
the SP peak. Green dotted line indicates free - space light - line. Blue dotted line 
indicate dispersion relation calculated from equation .1.6. 
2.3.3.2 Dipole position 
The effect of varying the dipole/metal separation has on the decay dynamics has 
been a subject of extensive investigation in the past both theoretically [36, 39, 40] 
and experimentally [37, 45, 46] with excellent quantitative agreement. Here we give 
a brief summary of the results from our calculations regarding the effects of varying this 
particular parameter. Figure 2.5 shows the power spectra of a parallel dipole above a 
semi - infinite Ag half- space for three different dipole/Ag separations, d. 
When d is extremely small (1 nm), the majority of the power is lost to the non-
radiative component. As the dipole moves away from the boundary, the non - radiative 
component diminishes as the radiative component gains. There is a small decline in 
height of the SP peak with no noticeable change in the width and no change to the posi- 
tion. We make further note by quantifying the two separate components, 	and 9j NR 
Figure 2.6 shows 	'9NR and g5T as a fraction of free for dipole/Ag separations, 
d, between 0 nm and 500 nm. When d is large (> 200 nm) the non - radiative component 
becomes negligible and <9, 	R. At these separations when 	dominates we see 
T 
	 d 
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the characteristic interference effect where g'T oscillating about Yfree . At d < 200nm, 
N, becomes increasingly more important and completely dominates bellow 15nm. 
Figure 2.5: Power spectra of a p- dipole located in the air in the proximity of 
an air/Ag interface for various dipole/Ag separations (d). Black: d = 1 nm, red: 
d = 10 nm, green: d = 50 nm. A = 536 nm. 
100 
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Figure 2.6: ,9 R (green), ,9' NR  (red), and g 7` , (black), as a fraction of ,9 f.,„ for 
a dipole in the air side of an air:Ag boundary for varying dipole/Ag separation, 
d. A = 536 nm. 
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From the above calculations we can see that even for such a simple system, the 
length scales where both radiative and non - radiative components are equally important 
are below 100 nm. This provides the basis from which the dimensions of some of the 
structures that we will be studying in this work are defined. 
2.3.3.3 Spacer layer thickness 
In most practical systems, the means by which an emitting dipole is separated from 
the metal surface is by a spacer layer. This can be air, glass (SiO2), or other opti-
cally inert material (e.g. LiF). In this section we explore this type of system in more 
detail. Figure 2.7 shows the grey-scale maps of the evolution of the power spectrum 
of a A) perpendicular and B) parallel dipole 10 nm above the air/Si02 boundary of an 
air/Si02/Ag structure as a function of SiO2 thickness at an emission wavelength of 
536 nm. 
Three modes are common to both cases. The SP mode at the Si02/Ag boundary has 
the largest values of km at any given SiO2 thickness and is present for all SiO2 thickness. 
As the spacer layer thickness increases, the structure begins to support waveguide modes. 
The first common waveguide mode is the TM1 mode that cuts on at a SiO2 thickness 
of 206 nm, the second common waveguide mode is the TM2 mode that cuts on at a 
SiO2 thickness of 458 nm. Two additional, transverse - electric (TE), waveguide modes 
exist for a parallel dipole with cut - on SiO2 thickness of 101 nm and 353 nm respectively. 
These extra modes are due to the fact that there are two ways of orienting a parallel 
dipole (i.e. parallel to either the x or y axis), but a perpendicular dipole is always parallel 
to the z axis. The consequence of this is shown in equation 2.7 where the parallel dipole 
part (pH) is a function of both 711  and 7-2;. 1  but the perpendicular dipole part (it L ) is 
only a function of 71 i . 
Figure 2.8 shows 9T for the two different dipole orientation. Even though a perpen-
dicular dipole is able to couple to only TM waveguide modes, the shape orientation of 
its emission profile means that the coupling efficiency is significantly greater than that 
of a parallel dipole and hence the decay rate for a perpendicular dipole is also signif-
icantly higher. This is especially true when the dipole/Ag separation is small where 
non - radiative processes dominate. 
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Figure 2.7: Grey-scale map of the evolution of power spectrum of a 
A) perpendicular and B) parallel dipole 10 nm above the air/Si02 boundary of an 
air/Si02/Ag structure as a function of Si02 thickness. A = 536 nm. 
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Figure 2.8: .Y, of a perpendicular (dotted line) and parallel (solid line) dipole 
10nm above the air/Si02 boundary of an air/Si02/Ag structure for Si02 thick-
ness varying from 0 nm to 500 nm. A =536nm. 
2.3.4 Notes on the model 
Through out section 2.2 the value of k11  is taken to be real and positive. However, 
when solving Maxwell's equations for modes of multilayer structures discussed so far and 
in later chapters, k11 is in fact complex (i.e. k11 = kil + ik II ) [58, 59], and is only real 
for the special case where all layers are lossless (i.e. E = R). In other words, the power 
spectrum is three dimensional, a function of kil and kir, and the integrand in equation 
2.7 is a cross-section down the xz plain along the real axis. For a mode where 'kir I is 
small the peak will have the most representative reflection in the power spectrum. With 
increasing I kil I the contribution diminishes and for modes with large enough 'kir 1, the 
peak may disappear altogether. 
It is also important to note that in the derivation in section 2.2, the modes that appear 
in the power spectrum will be those where the field ultimately tends to 0 as z 	±oo. 
However, mathematically there exists modes where the field is growing (unbound) as 
z increases in either the positive, negative, or in both directions. With the field being 
unbound, there is the potential for the power loss from a dipole to these modes to 
become infinite. For this reason these modes have in the past been deemed unphysical 
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[60]. These modes would not appear in the derivation in section 2.2 as the steps involve 
closed integrals. Having said that, recently there has been reports that the reflectivity 
minimum characteristic of prism coupling measurements are related these modes [61]. 
However, further discussion on this topic is beyond the scope of this work but can be 
found in references 61 and 62. 
2.4 A Physical example 
It has been commented in the literature that this form of dipole model is not entirely 
compatible with emission from light emitting polymers [50]. Here we show an example 
where we find good agreement between calculations and experiment (details of materi-
als, sample preparation, and experimental techniques are discussed in chapter 3). The 
structure chosen is similar to those studied in the literature where an emissive layer is 
separated from a metal film of finite thickness. Shown in figure 2.9 is a schematic dia-
gram of the structure concerned, consisting of a 50 nm thick F8BT film separated from a 
10 nm thick Al film by a SiO2 spacer layer of varying thickness between 5 nm to 200 nm. 
The Al film together with the spacer layer that are deposited on SiO2 substrates were 
prefabricated by CIP Technologies and the 50 nm thick F8BT films are subsequently 
spin - coated over the top. In our calculations we have approximated the F8BT film by 
a parallel dipole embedded centrally in a dielectric layer with a permittivity the same 
as that of F8BT at the peak emission wavelength of 536 nm. The perpendicular dipole 
component have been omitted here due to the fact that the relatively long exciton conju-
gation length of F8BT and the spin - coating process leads to a majority of the polymer 
chains lying parallel to the plane of the film [63]. 
Shown in figure 2.10 is the grey - scale map of the power spectrum as a function of 
SiO2 spacer layer thickness. The faint band that lies at 	> 1.6 is the asymmetric SP 
mode and is present for all SiO2 spacer layer thicknesses, although its strength weakens 
as the SiO2 thickness increases, which is effectively increasing the dipole/metal sepa- 
ration. The more prominent band lying at 1 < 	< 1.461 is the first TE waveguide 
mode. The first TM waveguide mode cuts - on at an Ag thickness of 144 nm, however it 
is barely noticeable in comparison to the SP and TE modes. From the grey-scale map 
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Figure 2.9: Diagram of a structure consisting of a 50nm thick layer of F8BT 
deposited, via spin - coating, onto a bilayer consisting of varying thickness of SiO2 
spacer and 10 nm of Al thermally evaporated onto a SiO2 substrate. Samples are 
annealed to approximately 60° for 10 min to remove residual solvent in the F8BT 
film. 
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Figure 2.10: Grey - scale map of the evolution of the power spectrum as a func-
tion of SiO2 spacer thickness for an air/LEP/Si02/Al/substrate structure. LEP 
thickness is 50nm and Al thickness is 10 nm, A = 536nm. 
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Figure 2.11: A) (r) and BA measured from F8BT:Si02:Al:Si02 structures. 
Thickness of F8BT is 50nm, thickness of Si02 spacer is varied between 5nm 
and 200nm, thickness of Al is 10 nm. Solid lines are calculations with appropri-
ate scaling factors. 
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we can extract the lifetime by following equation 2.11a with appropriate scaling and 
the PLQE by following equation 2.11b. These are shown in figure 2.10 with experimen-
tal measurements. We see excellent agreement between experiment and calculation for 
lifetime with the characteristic quenching at small dipole/Al separations and the emer-
gence of the oscillatory behaviour at large dipole/Al separations. We also see that there 
is good qualitative agreement between experimental and calculation for PLQE, although 
we shall see in chapter 4 that computing the output power required for equation 2.11b 
is somewhat more complicated. 
Distance / nm 
Figure 2.12: Experimental (points) and theoretical (line) excited- state lifetime of 
Eu3+ ions as a function of the distance from a 14 nm thick silver mirror. Figure 
taken from reference 45. 
The calculations and experimental results shown in figure 2.11 bare much resem-
blance to past experimental data and calculations for Eu3+ ion monolayers in Lang-
muir - Blodgett systems [37, 451, an example of which is shown in figure 2.12. The 
agreement we found in the results above provides sufficient validation that the dipole 
model we have detailed here is in fact quite capable of simulating excited molecule emis-
sion in simple dielectric/metal multilayer structures. However, we acknowledge the fact 
that this is not a universal model and in certain circumstances this will not be suitable, 
for example where there is significant conformational changes of the excited molecule on 
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a time scale comparable to its lifetime that affect its orientation, or where the location 
of absorption and emission are significantly displaced. Having said that, the materials 
that we will be examining in later chapters are free from these issues, permitting our 
continual use of this model from here on. 
2.5 Energy transfer rate 
At this point we make a brief digression and comment on the energy transfer rate 
of an oscillating dipole to a metal surface. Various reports in the past has examined 
exciton recombination rates in relation to exciton diffusion near a metal surface [64-66]. 
In general, the exciton distribution is governed by the 1D diffusion equation: 
aS(u, t) _ D (a2S(u, q rT (u)s(u, 0 + g(u,t) at 	au 2 ) (2.12) 
where S(u, t) is the exciton distribution function, D is the diffusion coefficient, FT (u) 
is the total recombination rate, g(u, t) is the exciton generation rate, and u is the exci-
ton/metal separation. It is often stated that the non - radiative recombination rate due 
to quenching by the metal surface (F,,), including lossy surface waves, SP, and other 
modes, has an approximately u-3 dependence [64-66]. We have already noted that FN, 
is proportional to ‘9,,. To examine the validity of the U-3 dependence we calculate 
,9,,, as a function of position for a dipole embedded in the dielectric film above an Ag 
film of various thickness, bounded by air and SiO2 above and bellow respectively. The 
results are shown in figure 2.13. 
From equation 2.7 it is not immediately clear what is the form of the distance de-
pendance. However from figure 2.13, where we show .9„ as a function of u for a dipole 
embedded in a dielectric 45 nm thick immediately adjacent to Ag layers of various thick-
ness supported by a SiO2 substrate, it can be seen that these curves are not of the form 
U-3. Care must be taken when considering similar systems where the U-3 dependence 
does not necessarily apply. 
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Figure 2.13: 	NR as a function of separation distance, u, between a dipole em-
bedded in a .45nm thick dielectric film from a finite thickness Ag film for various 
Ag film thicknesses. . = 536nm. 
2.6 Summary 
To briefly summarize, in this chapter we have detailed the key points in the derivation 
of the classical electrodynamic model developed by Ford et al. for the power emitted by 
an oscillating dipole in close proximity to a metal film of finite thickness. The transfer 
matrix method was adopted in the final expressions to allow for a simple procedure for 
adding and subtracting layers from the structure under study. The model is used to 
examine some simple idealized systems to demonstrate how various system parameters 
influence the total power emitted by an oscillating dipole embedded in such systems. 
We also examined physical structures and employed calculations to verify the validity 
of using such a model to describe the excited state decay dynamics of conjugated light 
emitting polymers in dielectric/metal multilayer structures, which form the basis of the 
work carried out in chapters 4 and 5. 
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2.7 Appendix 
To calculate the total reflection at the location of a dipole (Z = 0) embedded in a 
multilayer structure, shown in figure 2.14, we express the sequence of reflections from the 
Zd and Zd_1 interfaces in terms of an upward reflection (a) and a downward reflection 
(i3). Summing all terms results in a geometric series and the limit is given by: 
(a + 	2a0)(1 + a/3+ a202...) 
+ a,32 2a2)32... A a 2a0 
(a1 ++ al3)±(12+a130) 1  
( 1 
(2.13) a/3 ) 
(1— oz13) 
For a 1 dipole moment and p-polarization, a = rPte-2iqd" and /3 = rP  le2igazd .  
For a // dipole moment and s-polarization, a = rle-2iqdzd and /3 = rsie2iqd Zd . 
For a // dipole moment and p-polarization, a = —71e-2igdzd and 0 = —rP  ie2ifgazd . 
at3 a202  
z,_, 
z = 0 
	zd 
a a20 
Figure 2.14: Summing the multiple reflections from the Zd and Zd_1 boundaries 
forms a geometric series. 
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3.1 Introduction 
In this chapter we describe some of the practical aspects behind the work that follows 
in chapters 4 and 5. We first introduce the materials that we will be using, namely 
organic light emitting materials, describe some of their spectral properties and give a 
brief summary of the various processing methods. We follow this with the descriptions 
of the main spectroscopic techniques that we will be employing. We provide an outline 
of the basic principles and also discuss some of the details of data analysis from these 
measurements. 
3.2 Organic light emitting materials 
3.2.1 Types and properties 
The development of organic electronics goes hand in hand with the development of 
new materials. Today there are a multitude of materials available for use in a wide range 
of devices. In terms of light emitting devices, the choice of materials spans the entire 
range of the visible spectrum. These can be loosely categorized into three groups. The 
first is small molecules and can be found in dye lasers as well as OLEDs. Examples of 
light emitting small molecules include Rhodamine-640, Eu3+ ion complex, and Tris[8 - 
hydroxyquinolinato]aluminium (Alq3). The second group is homo - polymers. These are 
polymers that only contain one monomer unit, examples of which include PPV and PFO. 
The third group is co - polymers/random polymers. These are polymers that contain 
more than one monomer unit. In the case of copolymers, which contains two monomers, 
the units alternate along the polymer chain. Naturally, polymers that contain more than 
two monomers repeating in sequence also fall under this category. In the case of random 
polymers, the units are placed along the polymer chain in no particular order or pattern. 
Examples of copolymers and random polymers include poly [9,9' - dioctylfiuorene- co - 
benzothiadiazole] (F8BT) and Red - F respectively (Red - F is a proprietary polymer 
manufactured by The Sumitomo Chemical, Japan). 
The main distinction between light emitting polymers (LEPs) and ordinary saturated 
polymers is their semiconducting properties. This stems from the delocalized 7r - electrons 
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A 
	
D 
Figure 3.1: 	Chemical structures of A) rhodamine-640, B)PolY IP - 
phenylene vinylene] (PPV), C2 polyfluorene (PFO), D) poly/9, 9'- dioctylfluorene-
co - benzothiadiazole] (F8BT). 
along the back bone of the polymer chain which enable excitons to be formed upon 
excitation and in turn allows it to emit light. There are two key processes that defines the 
spectral properties of many LEPs [67, 68]. The first is the Stokes shift, where the main 
emission band is shifted to longer wavelengths (lower energy) from the main absorption 
band. In terms of energy levels, following excitation, the molecule is promoted to a 
higher energy state that may also be of a higher vibronic state. Upon relaxation to the 
lowest vibronic level, the subsequent photonic decay is then of a lower energy than that 
which was absorbed. This is illustrated by the dotted arrow in figure 3.2. The second 
is the Franck - Condon principle. When a LEP molecule absorbs excitation energy, in 
addition to being promoted to the excited state there may also be a conformational 
change which shifts the nuclear coordinate of the molecule. The principle states that 
the most probable optical transition is one where there is the most spatial overlap of 
the electronic wavefunctions between the upper and lower states. The most probable 
transition is therefore not necessarily between to lowest vibronic states, as illustrated by 
the down arrow in figure 3.2. 
Photoluminescence can be broadly divided into two categories, fluorescence and phos-
phorescence. Typically, the recombination of singlet excitons result in fluorescence and 
triplet excitons results in phosphorescence. Phosphorescence generally have a much 
longer lifetime due to the fact that decay of triplet states to the ground state is forbid-
den, meaning the decay rate is small. In electrical excitation, due the spin- momentum 
of electrons being 1/2 , it is possible to excite singlet and triplet states. Under normal 
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Figure 3.2: Energy versus nuclear coordinate diagram illustrating the Franck-
Condon principle. Solid arrows indicate optical transitions, broken arrow indica-
tion vibronic transition. 
circumstances, the ratio of this will be 1:3 in favour of triplet states. Triplet states 
are by nature non - radiative which is one of the factors that limits device efficiency. 
However, reports have shown that by lowering the electron - hole binding energy, singlet 
state formation efficiency can exceed 25% [69]. On the other hand in optical excitation, 
only singlet states are excited. Due to the short conjugation length of excitons in LEPs, 
singlet states can be approximated as simple oscillating dipoles [70]. 
3.2.2 Methods of Processing & Deposition 
The processing of many conjugated LEPs are simple and can be carried out in a 
standard laboratory cleanroom. The pure form of the material is first dissolved in an 
appropriate solvent, with the application of gentle heating and stirring as appropriate 
to aid the process for some less soluble materials. The solution can then be used in 
a variety of deposition methods (drop - casting, spin - coating, inkjet printing, thermal 
evaporation) to produce thin films. The quality of the films produced varies depending 
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on the method chosen. In principle, inkjet printing would be an ideal technique where it 
is possible to produce films with large areas and the possibility of patterning with a high 
degree of reproducibility with existing printing technologies [71, 72]. That being said, 
issues with film quality and continuity have been reported [73] and is a major obstacle 
to be overcome. For small scale laboratory purposes, spin-coating is still the technique 
of choice for producing high quality films despite the high material wastage involved. 
Finally, as the name suggests, drop-casting uses a small quantity of solution that is 
dispensed onto the substrate and a film is allowed to be formed. This technique, which 
is much less time consuming, usually produces films of increased thicknesses but also of 
inferior quality compared to spin- coating and is mainly employed in the fabrication of 
non-emissive devices such as transistors [74]. 
To achieve high quality films from spin- coating, the substrate is first cleaned, usually 
with the solvent in which the material of interest is dissolved in. The substrate is then 
treated with an oxygen plasma in a process referred to as plasma ashing which improves 
the hydrophobic nature of the surface, assisting in the adhesion of material during spin -
coating. 
3.2.3 Advantages and disadvantages 
The advantages of organic light emitting materials over conventional inorganic semi-
conductors are well documented in the literature [75-80]. Most relevant to this work are 
the wide range of materials available with emission that span across the whole of the vis-
ible spectrum, the wide range of deposition methods available, and their processability 
in basic cleanroom conditions. 
A major drawback of solution processed organic materials is the difficulty in prepar-
ing bilayers. Many materials are often soluble in a number of common solvents which 
prohibits the deposition of a second film atop an existing film. This can be overcome by 
dispersing the material in a matrix polymer such as PMMA or PDMS, both of which can 
be cross - linked under the exposure to UV radiation resulting in an insoluble film. Al-
though one must be aware that some materials may undergo degradation when exposed 
to UV radiation. 
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3.3 Techniques and methods 
3.3.1 Absorption 
The most basic spectral property of any LEP is its absorption spectrum. This is a 
measurement that is routinely performed using a wide variety of commercially available 
instruments. One example is a UV-Vis absorption spectrometer. The basic configuration 
consists of a broad - spectrum, low intensity light source that is split into two paths, one 
directed to the sample, the other to a reference. Detection is by photodiodes coupled to 
monochromators. Despite the name of the instrument, the actual quantity measured is 
in fact the transmission of the sample. Figure 3.3 shows a schematic diagram of light 
passing through an absorbing thin film. Assuming that reflection at each boundary is 
negligible, the absorbance (abs) is given by the following expression: 
Abs = —log [T] = —log [ —1 = log [e'd  
where T is the total transmission coefficient of the film, a is the absorption coefficient 
of the film, d is the film thickness, 10 and I are the incident and transmitted intensities 
respectively. In all practical cases involving planar thin films, a sample will consist 
of multiple layers of the materials deposited on a substrate. To determine the true 
absorbance of an individual layer, the absorbance of the substrate and other layers can 
be simply subtracted from the total absorbance. 
t2 
1.0 	 I 
Figure 3.3: Schematic diagram of light passing through an absorbing thin film of 
thickness d. Io and I are the incident and transmitted intensities respectively, r1,2 
and t1,2 are the Fresnel reflection and transmission coefficients at each boundaries 
respectively. 
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Figure 3.4 shows absorbance spectra of a series of F8BT films of varying thicknesses 
between 21 nrn and 105 nm. In the inset of figure 3.4, the absorbance at the peak 
wavelength of 465 nm versus film thickness are shown. The linear relationship between 
Abs and film thickness can be clearly seen. However, one must bare in mind when using 
equation 3.1 that the full expression for the total transmission coefficient of the film is 
given by [561: 
tl t2 e-i°1 
1 + rl r2 e-2161 
where Si = nkdi and n is the complex refractive index of the film. When ri and r2 
are small, equation 3.2 reduces to T = I 	For most organic materials, the refractive 
index is usually between 1.5 and 2.5 which means equation 3.1 holds. The inset of 
figure 3.4 also illustrates that for this particular material, Abs varies linearly with film 
thickness. For this and other materials that exhibit the same property, this can be an 
alternative method of determining film thickness from absorption measurements. 
T= 
2 
(3.2) 
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Figure 3.4: Absorbance spectra of F8BT films of varying thicknesses between 
21 nm and 105 nm. Black arrow indicates increasing film thickness. Inset shows 
the absorbance values at the primary absorption peak at 465 nm as a function of 
film thicknesses measured from a step profiler, solid straight line is a line of best 
fit. 
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3.3.2 Photoluminescence quantum efficiency 
The efficiency of a system is the measure of the output with respect to the input. In 
the case of photoluminescence quantum efficiency (PLQE) this measures the detectable 
optical output energy with respect to the input optical excitation energy. The method 
that we employ in this report follows closely that developed by de Mello et al. [81]. 
The procedure is carried out in a commercially available Fluoromax photoluminescence 
spectrometer. The sample under consideration is placed within an integrating sphere to 
eliminate the complication of angular distribution of emission from the analysis. The 
source of excitation, usually monochromatic, is from a tungsten lamp passing through a 
monochromator, and the emission from the sample is collected through a monochromator 
by a photodiode. The system is self- calibrated by splitting the excitation source and 
taking a reference spectrum. 
The basic principle of the method is as follows. In an integrating sphere, as well as the 
fraction of energy absorbed from direct excitation (Abs), the unabsorbed light from the 
excitation source, including those transmitted and reflected, will reflect off the interior 
walls where a fraction of which will eventually fall onto the sample and be absorbed. 
In order to properly identify the energy that is absorbed and emitted as a result of 
direct excitation, three separate measurements, which include the spectral region of the 
excitation and emission, are needed. Schematic diagrams of these are shown in figure 3.5. 
The three measurements comprises of A) the empty integrating sphere by itself, B) with 
the sample placed in the integrating sphere and directly excited, and C) with the sample 
placed in the integrating sphere and diffusely excited. A set of example spectra from a 
45 nm thick F8BT film spin- coated onto a SiO2 substrate are shown in figure 3.6. If the 
areas under the peaks at the excitation wavelength, 409 nm, are Sex, Sdir , Sdif for case 
`A', 13', and 	respectively, and if the areas under the emission peaks are Eex, Edir,  
Edi f  for case 'A', 13', and 'C' respectively, then the PLQE (n) is given by the following 
expression: 
Edir — (1 — Abs)  Edif  
= 	Abs Sex 
(3.3) 
where Abs = 1 — (sdi- / -dif • 
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Figure 3.5: Three different formats of the PLQE setup required for PLQE mea-
surement. A) Empty integrating sphere, B) sample directly excited by source, and 
C) sample diffusely excited by source scattering off the wall of the integrating 
sphere. 
400 
	
500 	600 
	
700 
Wavelength / nm 
Figure 3.6: The set of three PL spectra necessary for PLQE measurements 
taken from a 45 nm thick F8BT film spin - coated onto a SiO2 substrate. Green-
fig. 3.5A, black- fig. 3.5B, red- fig. 3.5C. 
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Care must be taken with defining the spectral regions for S and E. As the example 
spectra show, the broad nature of the absorption peak in many organic materials means 
that S is not only limited to the immediate region of the excitation wavelength, but 
must be extended above and bellow. Similarly, care should also be taken with E to 
avoid any overlapping with S. In the example shown in figure 3.6, S is taken up to the 
point where the three spectra intersect bellow 500 nm and E is taken from beyond. 
3.3.3 Time - resolved photoluminescence spectroscopy 
Time - resolved photoluminescence spectroscopy (TRPLS) is the study of the optical 
emission of an object, with respect to time, following an optical excitation. Here we are 
concerned with the excited state lifetime of a system, i.e. the time between the promotion 
to an excited state and the decay to the ground state. There are essentially two methods 
of conducting TRPLS: frequency - domain or time - domain. In frequency - domain mea-
surements, a continuous source that is intensity-modulated is used to excite the sample. 
As a result of the delay between absorption and emission, the recorded signal is phase 
shifted from the excitation and the degree of modulation will also be decreased. The 
phase angle (Ow ) and degree of modulation (Mu ) depends on the modulation frequency 
(w) and the decay form can be retrieved from 4, and M„. The details of the analysis 
are beyond the scope of this work but can be found in references 67 and 82. 
Time - domain measurements differ from frequency - domain measurements in that 
the source is periodically pulsed. Two main variations of the technique are in common 
use. The first is time correlated single photon counting (TCSPS), a statistical technique 
that register —1 photon per 100 luminescence events [67], recording the time gap between 
excitation and registration. Over many repetitions, a picture of the distribution of the 
recorded time gaps can be built up, which would follow the decay form observed if 
many photons were recorded at the same time [83, 84]. The second is the use of a streak 
camera, which is capable of providing spectrally - resolved as well as temporally - resolved 
information. The latter method relies on the ability of the streak camera to spatially 
separate a train of photons each arriving at different times from multiple luminescence 
events. Much of the results discussed in later chapters are collected in this fashion hence 
we shall examine the practical and analytical steps involved in more detail here. 
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3.3.3.1 Streak camera setup 
A schematic diagram of a typical set - up is shown in figure 3.7. For the work that will 
be discussed in later chapters, the sample is excited by an ultra- fast pulsed diode laser 
at 409 nm with a pulse duration of 69 ps. The laser pulse is focused by various lenses 
and a microscope objective and directed onto the sample via a dichroic mirror. The 
emission is collected by and through the same microscope objective and dichroic mirror 
then focused by a second microscope objective and fibre - coupled to a monochromator 
before being captured by a streak camera. The pulse generator for the laser diode and 
the streak camera are both electronically triggered which allows for picosecond accuracy 
of adjustment for capturing of the entire process from the initial excitation to the end 
of the PL decay. Including the electrical noise jitter from control unit and the duration 
of an individual excitation pulse the effective temporal resolution is ,,,210 ps. 
- -) Excitation 
- Emission 
 
I Sample 
Pulse 
generator Laser 
Focusing optics & 
dichroic mirror 
4 
Monochromator 
Trigger 
unit 
PC 
Streak camera 
Figure 3.7: Schematic diagram of a typical time - resolved photoluminescence spec-
troscopy set - up employing a streak camera. 
Figure 3.8 shows a schematic diagram of the streak camera itself. A train of photons 
arrive at the front slit of the instrument and are focused onto a photocathode which 
generates photo-electrons. These pass through accelerating electrodes before entering 
a time - varying electric field generated by the deflecting electrodes. Photo-electrons 
entering this field at different times will experience a different field strength and will 
therefore be deflected by differing amounts. Finally these are collected by a micro -
channel- plate and a CCD for image processing. For wavelength - resolved measurements, 
one can imagine a sheet of photons rather than a train, with wavelength varying along 
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the axis perpendicular to the direction of travel. 
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Figure 3.8: Schematic diagram of a streak camera. 
A typical image captured by the set - up described above is shown in figure 3.9. The 
sample concerned is a 45 nm thick F8BT film spin-coated onto a Si02 substrate. The 
PL emission intensity Olf(A, t)) is shown as a function of both wavelength on the x axis 
and time on the y axis. By integrating the image over the spectral range one obtains the 
temporal decay, ilf (t), which is shown in the inset of figure 3.9. In certain cases it maybe 
of interest to compare the decay at different spectral regions, this will be discussed in 
more detail in chapter 5. 
3.3.3.2 Streak camera data analysis 
Having obtained 111(t) , we can proceed to analyse the decay. But before we do so, 
it is important to note that 11(t) differs some what from the true PL decay. In all but 
the simplest of cases, W(t) may be composed of decays from more than one emitting 
species. For an idealized case of a single emitting species, the PL decay would follow an 
instantaneous excitation and decay exponentially. However, due to the finite nature of 
any practical excitation source, the collected emission will be a convolution of a finite 
excitation function with the decay function. This is illustrated in figure 3.10. 
Several methods are commonly in use to extract the characteristic decay lifetime (r) 
from IP(t). The most common of which is to find a line- of- best - fit with T being a 
fitting parameter. Take the inset in figure 3.9 for example. This is the decay from an 
F8BT film which is known to have a single exponential decay component. The first 1 ns 
0- 
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Figure 3.9: Typical image captured by the streak camera from the PL decay of a 
45 nm thick F8BT film spin - coated onto a Si02 substrate. Inset: PL decay vs. 
time obtained by integrating the streak camera image across the spectral range. 
Figure 3.10: Example of a hypothetical measurement where the 'data' is a convo-
lution of a finite excitation pulse and the decay function. 
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is the initial excitation, which we will call the rise period. This is followed by a period of 
approximately 10 ns of exponential decay before the intensity drops to noise level, which 
we will call the decay period. In such a case where the mathematical form of the decay is 
known and the length of the decay is significantly longer than the excitation time. Here 
T can be extracted by performing a simple least - square fit to the exponential part of 
the measured spectrum. This yields a time constant of T = 1.418 ns. For more complex 
decays involving more than one emitting species, the same process may apply providing 
the decay form is known. 
As a general guideline, if the decay period is approximately ten times the rise time 
then the non - instantaneous excitation pulse can be neglected. But in situations where 
the length of the decay time is close to that of the rise time, simply fitting to the decay 
region is no longer possible. A more appropriate procedure is to use the full convolution 
including the excitation: 
t 
xlf (t) --= f L(t') V) (t — t') de 
o 
(3.4) 
where L(t) is the finite laser excitation, 'OW is the true decay function and kli(t) is the 
experimentally observed PL. From the same example as before, the convolution fit yields 
a time constant of T = 1.407ns. The similarity between this and the result obtained above 
is an indication that in this example a single exponential fit is indeed appropriate. The 
difficulty with the line- of- best - fit approach is that there is the possibility of more than 
one decay form that may appear to be a suitable fit. This brings us naturally to the 
matter of 'goodness of fit'. Badea et al. suggested the use of the autocorrelation function 
of the residual of the line - of- best - fit as a means for determining the suitability of a 
particular fit [85]. Having said that, situations may arise where this method fails to 
provide a definite resolution. For example, figure 3.11A and 3.11B show experimentally 
measured TRPLS decay spectrum from an F8BT thin film with the lines - of- best - fit 
and residuals from a A) single and B) double exponential decay. The insets show the 
autocorrelation functions of the residual. Comparing the two figures we can see that in 
this instance both decay forms appear to provide an adequate fit from visual inspection 
and from examining the autocorrelation functions of the residual. 
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Figure 3.11: Data, line- of- best - fit, residual and autocorrelation from plain 
F8BT time. A) line - of - best - fit of laser convolved with single exponential de-
cay. B) line - of - best - fit of laser convolved with a double exponential decay. 
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Clearly, a more consistent method is required for extracting lifetime from TRPLS 
data. Furthermore, in all the curve fitting procedures described above, the mathematical 
form of the decay spectrum must be either known or presumed. For many organic light 
emitting materials, the plain form of the material often have distinct single exponential 
decay. But if alternative decay channels are introduced, for example when in the proxim-
ity of metal nano - structures where the photonic density of states is markedly different to 
that of free - space, the decay form may become complicated and, more problematically, 
unknown. The line - of- best - fit approach is therefore inappropriate. This problem can 
be avoided by the use of a statistical measure to characterize the decay. This does away 
with the requirement of having prior knowledge of the mathematical form of the decay 
or the need to presume one and enables the comparison between different systems. For 
the majority of the remainder of this report we shall make use of the expectation value 
of the lifetime, (r), which is given by: 
o 	
t • (t) dt 
—  
W(t) dt 
(3.5) 
where t = 0 is taken from the peak of the decay spectrum, providing the rise period 
is short. If T(t) = A e—ttr , it can easily be shown that (r) = T. In systems which 
deviates from what would normally be a single exponential decay, it may be informative 
to evaluate the quantity, (57- = T - (T) . 
3.4 Summary 
To briefly summarize, in this chapter we outlined some of the basic properties of 
typical organic light emitting materials and some of the processes that are fundamental 
in defining their spectroscopic properties. 
We also described in detail the three main spectroscopic measurement techniques that 
are central to the rest of this work. The workings of the key components were described 
and attention was raised to some of the intricacies of the data analysis procedures. The 
suitability of the different metrics that can be extracted are discussed in relation to the 
work that follows. 
Chapter 4 
Coupling of LEP to surface 
plasmon modes of single metal 
slab 
59 
Chapter 4 	 60 
4.1 Introduction 
In chapter 2 we established a method of quantifying the power emitted by an oscillat-
ing dipole to various electromagnetic modes of a dielectric/metal multilayered structure. 
We saw how, by altering the thicknesses of individual layers of the structure and the 
position of the dipole within a layer, the behaviour of the modes of the structure and 
how the dipole couples to them can be modified. This in turn leads to the modification 
of the dipole decay rate. In the past, such a classical electrodynamic model has provided 
a framework from which a comparison with experimental studies can be made. The ma-
jority of these have been conducted on Eu3+ ion systems separated from a metal surface 
by Langmuir - Blodgett spacer layers [37, 45, 46]. There has also been reports on systems 
with Si nano - crystals as the light emitting material and SiO2 as the spacer layer with 
similar results [49, 86], all of which have found excellent agreement with theoretical cal-
culations. These existing experimental works concentrated on varying the dipole/metal 
separation which does have the effect of modifying the spontaneous decay rates of the 
excited molecules, but does not active modify the plasmonic environment of the struc-
ture. To truly modify the surface plasmon (SP) modes of a metal slab the thickness 
of the slab must be modified. There has been reports in the literature in this regard 
although these have not, to the best of our knowledge, been comprehensive [87, 88]. 
In this chapter, we will study several dielectric/metal multilayered structures with the 
techniques described in chapter 3, using conjugated light emitting polymer (LEP) thin 
films as the light emitting material. We will examine the consequences of systematically 
varying the thickness of the individual layers with the main emphasis being the metal 
layer. Employing the model described in chapter 2 we attempt to quantitatively describe 
the role SP modes have on the decay of excited molecules in their proximity. 
4.2 Materials and sample preparation 
4.2.1 Materials 
For the majority of this work the light emitting material that we will use is the 
green emitting, poly[9,9' - dioctylfluorene - co- benzothiadiazole] (F8BT), which is a typ- 
4 
2 
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ical conjugated LEP. The solid form of the material is easily soluble in a number of 
common organic solvents e.g. toluene, chloroform. Shown in figure 4.1 are typical ab-
sorbance and emission spectra of F8BT. Both spectra display broad peaks typical of 
conjugated polymers with absorption and emission maxima at 465 nm and 536 nm re-
spectively. Commonly used in the fabrication of organic LEDs, F8BT is a material that 
is stable in air with the TRPLS decays of both solution and solid form of the material 
being known to be a single exponential. Having a relatively high quantum efficiency of 
—60% and long excited state lifetime of —2ns in bulk form, F8BT is also widely used in 
polymer lasers [89, 90]. 
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Figure 4.1: Absorbance (blue) and PL (green) spectra of a 210 rim thin F8BT 
film. Inset: Chemical structure of F8BT 
In the latter parts of this chapter a red emitting material, Red F, will also be used 
to prepare multilayer structures. It has a similar absorbance spectrum to F8BT but the 
addition of an extra functional group modifies the emission to the red region where the 
emission peak is at 650 nm (see section 4.4.2). The preparation process and deposition 
of Red F are identical to F8BT [90]. 
It should be pointed out here that our choice of material as the emission source in 
the structures that we will be studying is not of strict importance. The main criteria 
are that the material has a single emission band, is stable in air, and with emission from 
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singlet exciton transition. It is also important that the chosen material has a sufficiently 
high quantum efficiency. As we will see in this chapter, many of the structures naturally 
induce a high non - radiative decay rate therefore a high efficiency is required to facilitate 
experimental measurements. 
4.2.2 Sample preparation 
Various types of structures are examined in this chapter. These consists of either 
plain LEP thin films, bilayers of metal and LEP thin films, or multilayers of metal, 
dielectric and LEP thin films, all of which are deposited onto a SiO2 substrate. The 
different methods of depositing LEP materials have be outlined in the previous chapter. 
The method we have chosen here is spin- coating. As an example, F8BT films with 
a thickness of 45 nm are produced from solutions with a concentration of 12.5 mg/ml 
at a spin speed of 6000 rpm for a duration of 40 s. The sample is then annealed to 
approximately 60', well below the glass transition temperature of F8BT, for 10 min. 
The annealing process ensures the removal of any residual solvent that remains in the 
film and also helps align LEP chains to the in - plain direction. The thickness of the 
thin film produced can be varied by adjusting the spin speed and is monitored using an 
Alpha- step surface profiler post - process. 
Metal and inorganic dielectric thin films are deposited by the method of thermal 
evaporation under a high vacuum of ,--, 5 x 10-6 mbar. The deposition rates are kept to 
< 2 nm s-1  to ensure the films produced are of adequate quality. Deposition rates and 
film thicknesses are monitored during the evaporation using a piezoelectric microbalance. 
Films are deposited onto SiO2 substrates that are first cleaned in an ultrasonic bath with 
acetone then toluene, followed by plasma ashing an oxygen plasma to unsure films of 
good uniformity and continuity. 
4.3 Results 
4.3.1 Preliminary structures 
Before we can properly address the effects of varying metal thickness, we must first 
explore a few other structural parameters, which will aid in defining the dimensions of 
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the structures where plasmonic effects can be most clearly observed and provide a point 
of reference for the work in later sections. Part of the results from these structures will 
also provide the first indications that the thickness of a metal film immediately adjacent 
to an LEP film greatly affects the plasmonic environment. The preliminary structures 
studied are illustrated schematically in figure 4.2. We begin by examining plain F8BT 
films of varying thickness spin-coated onto Si02 substrates. Then we examine structures 
with an F8BT film fixed at 50 nm thick, spin - coated onto Si02 substrates pre - coated 
with 150 nm of Ag, Au, and ITO. Finally we examine structures with an F8BT film fixed 
at 50 nm thick, spin - coated onto Si02 substrates with two different thickness Al films, 
25 nm and 12.5 nm, deposited over the top. 
A 
	
B 	 C 
F8BT (21nm-110nm) 
	 F8BT (50nm) 	 Al (12 5nm, 25nm) 
Al, Ag, Au, 
ITO (150nm) 
Si02 
F8BT 
(80nm) 
Figure 4.2: Schematic diagrams of structures consisting of A) Plain F8BT films, 
of various thicknesses, spin - coated onto a Si02 substrate. B) 150nm thick Al, Ag, 
Au, and ITO thermally evaporated onto Si02 substrates with 50nm thick F8BT 
films spin - coated over. C) 80 nm F8BT films spin - coated onto Si02 substrates 
with Al films, 25nm and 12.5 nm thick, thermally evaporated over the top. All 
samples are annealed to approximately 60° for 10 min to remove residual solvent 
in the F8BT film. 
4.3.1.1 Plain LEP 
Many properties such as glass transition temperature and crystallinity of a polymer 
film can depend on its thickness [91-93]. Although these may be effects on a molecular 
level, it is important to consider the optical effects film thickness has and to establish 
the degree to which they influence decay dynamics. To this end, plain films of F8BT 
between 20 nm and 110 nm were prepared on Si02 substrates as shown in figure 4.2A. 
The time - resolved PL from these samples were measured using the TRPLS technique 
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described in section 3.3.3.1, and the values of (T) given by equation 3.5 are shown in 
figure 4.3. Employing the model described in chapter 2 we have calculated the lifetime 
(Y) also as a function of F8BT thickness, this is shown by the solid line in figure 4.3. 
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F8BT thickness / nm 
Figure 4.3: (7) of plain films of F8BT of varying thicknesses between 20 nm 
and 110nm spin- coated onto SiO2 substrates. Solid line is 2' from calculations 
using the model described in chapter 2 with an appropriate scaling factor. Inset: 
TRPLS decay spectra from which (r) are extracted from. . = 536 nm. 
Between thicknesses of -,40 nm and -410 nm, by approximately doubling the LEP 
thickness, (r) was increased by greater than 20 %. The good agreement between cal-
culation and experimental observation indicates that morphological effects are small 
compared to optical effects in the thickness regime considered. This is also consistent 
with the forms of the decay spectra themselves as morphological changes would often 
lead to a departure from single exponential decays [67]. 
In the past, the lifetime of a LEP is often given as a single value without reference 
to the geometry of the material. This may be true when considering the material in 
bulk or solution form but figure 4.3 clearly shows when the dimensions are well bellow 
a wavelength, the notion of an intrinsic lifetime no longer applies. Cavity effects such 
as this is well know in inorganic optical devices where high quality thin films less than 
100 nm thick are the norm. In organic optics on the other hand, it is only recently 
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that material qualities are of sufficient standard that thin films of such dimensions are 
employed in devices. It is therefore important, when examining optical parameters, to 
ensure that the LEP film thicknesses are consistent for comparable results. 
4.3.1.2 Different adjacent materials 
We now examine the consequence of placing thin films of different lossy material 
immediately adjacent to a LEP film on the photoluminescence decay. We prepared 
samples, as shown in figure 4.2B, consisting of 150nm Al, Ag, Au, or ITO thermally 
evaporated onto Si02 substrates with 80 nm F8BT films spin - coated over the top. Figure 
4.4A shows the time - resolved decay spectra from TRPLS measurements performed on 
these samples. The decay of a control F8BT film of the same thickness is also shown as 
a reference for comparison. 
It is clear that lifetime is quenched with the addition of a lossy layer and the degree 
of which differs depending on the material. There are no noticeable signs of deviation 
from a single exponential decay, indicating the modification to the decay is mainly 
non-radiative. Similar observations of PL quenching having been reported though the 
cause was variously attributed to exciton dissociation at the interface, the formation of 
metal - carbon complexes and other interfacial effects [94, 95]. However, from the power 
spectra shown in figure 4.4B corresponding to the structures we studied, we see that 
there are significant differences between different materials, which can only arise from 
electromagnetic effects. 
At 150 nm thick the metallic films can be considered as bulk. The same cannot be 
said of the ITO sample since it is a nonmetallic material and can support conventional 
waveguide modes which are subjectable to cavity interference depending on the film 
thickness. In the power spectrum for the sample with ITO we see what appears to 
be a single broad peak above the Si02 light - line which are in fact two closely spaced 
peaks corresponding the conventional TM1 and TE1 waveguide modes. As a result 
of the relatively small 8" of ITO, these peaks are narrow and the glossy surface wave' 
component is small. The power spectra for the samples with Al, Au and Ag are similar, 
all having a single SP mode peak above the Si02 light - line and a TE guided mode peak 
between the free space and Si02 light - lines. We can see the SP mode peaks for Al and 
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Figure 4.4: A) TRPLS decay spectra of a 80nm thick F8BT film spin- coated onto 
a Si02 substrate and onto various materials: ITO, Al, Au, and Ag, all 150 nm 
thick deposited onto a Si02 substrate. B) Corresponding power spectra for the 
structures of A. Grey dotted line is the Si02 light - line. A = 536 nm. 
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Ag samples are significantly narrower and there are less lossy surface wave' component 
in the large ill region. This latter property makes Ag the most attractive material for 
plasmonic applications [96] and is the reason for our choice for the rest of this work. 
Figure 4.5 shows the values of (T) extracted from the decay spectra of figure 4.4A 
versus Y7, extracted from the power spectra of figure 4.4B. We can see a general negative 
correlation between (r) and rT which is partially consistent with equation 2.11a, how-
ever the relationship is not of the reciprocal form. On reflection, this is not unexpected. 
In the examples shown, a different adjacent material may possess different surface energy 
characteristics and the formation of different surface complexes [94, 95, 97, 98], both of 
which are not accounted for in the calculation of g°7,. In the work that follows we 
have avoided, as much as possible, a direct comparison between structures of differing 
adjacent materials. When a comparison is made, a reference sample is employed where 
necessary. 
Figure 4.5: (r) extracted from the decay spectra of figure 4.4A versus T extracted 
from the power spectra of figure 4.4B. 
4.3.1.3 LEP with Al 
To conclude the preliminary work we discuss the results obtained from TRPLS mea-
surements on the structures shown in figure 4.2C which motivates much of the work 
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in the remainder of this chapter. For these samples, two thicknesses of Al were chosen 
(12.5 nm and 25 nm), to be sufficiently thin for the possibility of two SP modes to be 
supported and the F8BT thickness is fixed at 80 nm. We chose Al because it is a material 
widely used in optical devices as an electrical contact. We have also interchanged the 
F8BT and metal film. In the previous section the Al film was deposited onto the SiO2 
substrate before spin - coating of the F8BT film. It is likely that during the process of 
spin-coating, which is performed in normal atmosphere, a thin layer of oxide is formed 
on the surface of the Al film. We avoid this by first depositing the F8BT film onto the 
substrate before the Al film evaporation. 
Figure 4.6A shows the TRPLS decay spectra from these samples together with that 
of a plain F8BT film of the same thickness. From inspection, we see that the decay 
spectra of the samples with Al appears to be single-exponential and have a steeper 
slope than that of a plain F8BT film of the same thickness. The steeper slopes clearly 
indicate quenching of lifetime. Interestingly, the sample with the thinner, 12.5 nm Al 
film exhibits a noticeably higher degree of quenching. This observation is contradictory 
to what image theory would predict; the decay rate should increase with metal thickness 
as a result of the increase in reflectivity and hence the driving force on the oscillating 
dipole. Again we analyze the power spectrum for an explanation, these are shown in 
figure 4.6B. 
The point was raised briefly above that one would expect to observe two SP modes 
for the two Al thicknesses concerned, however only one peak can be observed. This 
is due to the refractive index of the materials either side of the Al layer being overly 
asymmetric such that only one SP mode is supported. It is obvious that the dielectric 
properties surrounding the metal film are crucial to the number of SP modes supported 
and their behaviour. This factor will be discussed later in this chapter and also in 
chapter 5. Meanwhile we shall return to the power spectra. The peaks that are present 
in figure 4.6B are identified as the asymmetric SP mode. This peak is broader (lossier) 
for the 12.5 nm sample and together with the moderately larger `lossy surface wave' 
component is consistent with experimental observation in which the 12.5 nm sample 
exhibits a larger degree of lifetime quenching despite the increase in reflectivity. These 
observations provide the first evidence which we have collected showing that the thickness 
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Figure 4.6: A) TRPLS decay spectra of 50nm F8BT films spin - coated onto Si02 
substrate with of 12.5 nm (red) and 25nm (green) thick Al films thermally evapo-
rated over the top. Spectrum of a plain F8BT film of the same thickness is shown 
in black. B) Corresponding power spectra for the structures of A. A = 536 nm. 
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of the metal film has a great deal of influence on the degree of quenching it causes and 
the relationship between the two is not as simple as image theory predicts. 
4.3.2 Varying Ag thickness 
4.3.2.1 Defining structural dimensions 
In the previous section we illustrated the fact that there are many parameters that 
can have an influence on the LEP decay dynamics. In order to distinguish plasmonic 
effects from other optical and material effects, each parameter must be treated indepen-
dently and systematically. In this section we shall proceed by varying the thickness of 
individual layers, specifically the metal layer. The structure that we will now examine 
consists of a thin film of Ag deposited onto a SiO2 substrate via thermal evaporation 
with a thin film of F8BT spin - coated over the top of the metal film. A schematic dia-
gram of the sample structure, which we will henceforth refer to as the F8BT:Ag sample, 
is shown in figure 4.7. 
F8BT 
Ag 
Si02 
Figure 4.7: Schematic diagram of structure consisting of a 45 nm thick layer of 
F8BT spin - coated onto a thin layer of Ag of varying thickness that is thermally 
evaporated onto a SiO2 substrate. Samples are annealed to approximately 60° for 
10 min to remove residual solvent in the F8BT film. 
For the purpose of sample preparation, first we must specify the thickness of the 
F8BT film. From the combination of the results in section 2.3.3.2 and 4.3.1.1, the 
optimum thickness of the F8BT film is between 20 nm and 100 nm which will enable 
efficient coupling to SP modes without generating an excessively large `lossy surface 
wave' component and avoiding the complications of waveguide modes. Furthermore, on 
a practical note, the preparation of thicker F8BT (and other LEPs) films require either 
a lower spin speed or a higher concentration of polymer solutions, both of which result 
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in films of inferior quality. Therefore it is preferable to keep the film thickness <100 nm 
to ensure consistency in sample preparation. With these criteria in mind, we chose an 
F8BT thickness of 45 nm, typical of the film thicknesses in many practical devices. As 
discussed earlier, our choice of metal is Ag. 
4.3.2.2 Initial calculations 
We now perform two sets of calculations. First, we calculate the values of k0 for all 
possible SP modes (Tz.,p) for the structure shown in figure 4.7 with Ag thickness varying 
between 0 nm to 140 nm. This is achieved by solving Maxwell's equations with the 
appropriate boundary conditions, the details of which are beyond the scope of this work 
but can be found in reference 61. The real part of the complex iz82, values are shown 
in figure 4.8. We can see two SP modes are supported by such a structure. The upper 
branch, which is present for all Ag thicknesses, is the short range SP mode. We note the 
extremely large values of k sp generated on extremely thin Ag films, reflecting the nature 
of it being highly confined within the Ag film. The lower branch, which cuts on at an 
Ag thickness of 17nm, is the long range SP mode. 
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Figure 4.8: Relk sp.) of an air/F8BT/Ag/Si02 structure as a function of Ag thick-
ness calculated by solving from modal method /59]. F8BT thickness is 45nm and 
A = 596m-n. Note the LRSP mode has a cut- on Ag thickness of 17 nm. Light-
lines of F8BT and Si02 are shown by the green and grey dotted lines respectively. 
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Second, we calculated the power spectrum as a function of Ag thickness as shown 
in the grey - scale map in figure 4.9. Three individual power spectra are shown in the 
insets a — c corresponding to Ag thicknesses of 10 nm, 30 nm, and 120 nm respectively. 
The two dark bands in the non - radiative region are identified, in a similar fashion to 
that discussed in section 2.3.1, as the long range SP mode for the narrower band and 
the short range SP mode for the broader band. We can see the similarities in the 
position and behaviour of these bands to the curves in figure 4.8 which confirms our 
identification. One dissimilarity between the two sets of calculations is that from the 
modal considerations, the long range SP mode is be present for all Ag thickness above 
the cut - on, however in the power spectrum calculations this mode disappears for Ag 
thicknesses beyond 100 nm. This can be clearly seen in the individual power spectra in 
cases b and c where the sharp long range SP mode peak is no longer present in the latter. 
We can understand this disappearance by considering the point of view of the dipole. 
As the Ag thickness increases, it becomes harder for the dipole to 'see' the Ag/SiO2  
boundary, and eventually the film can be effectively replaced by a semi - infinite half 
space. We also note that beyond the Ag thickness of 80 nm the values of k, for both 
SP modes remains largely constant. 
We can consider the disappearance of the long range SP mode from an alternative 
perspective by examining the field profiles of the mode for the two individual cases. 
Figure 4.10 shows the real part of the magnetic fields (Re[Hy ]) for cases b and c of 
figure 4.9. We can immediately see that, in case c, the field is heavily skewed towards 
the Ag/Si02 boundary, where as that for case b is much more 'symmetric' about the 
metal layer. Although a small portion of the field still remains in the F8BT layer, this 
is approximately two orders of magnitude smaller than that of case b, i.e. as the Ag 
thickness increases, the mode becomes increasingly localized to the Ag/SiO2 interface. 
The localization of the mode translates to a much decreased coupling of the dipole to 
the SP mode and the eventual disappearance of the SP peak from the power spectrum. 
To reveal the details of the interplay between the various components of the power 
spectrum would require further analysis of the grey - scale map in figure 4.9. But before 
we do so, we present experimental results, which will enable us to conduct a direct 
comparison with the above calculations. 
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Figure 4.9: Grey- scale map of the power spectrum of a parallel dipole in an 
air/F8BT/Ag/Si02 structure as a function of Ag thickness. Light - lines of F8BT 
and Si02 are shown by the green and grey dotted lines respectively. Also shown 
are individual power spectra for Ag thickness of 10nm, 30nm, and 120nm. 
A = 536 nm. 
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Figure 4.10: Re[Hy] of the long range SP modes for two air/F8BT/Ag/Si02  
structures with fixed F8BT thickness of 45nm, and two different Ag thicknesses, 
30 nm (yellow) and 120nm (orange). Dotted lines represent layer boundaries, left 
- right: air/F8BT, F8BT/Ag, 30 nm-Ag/Si02 , and 120 nm-Ag/Si02. The F8BT 
layer is highlighted in light green. A = 536nm. 
4.3.2.3 Experimental results 
Following on from the above calculations we are now in a position to select the range 
of Ag thicknesses for sample preparation. By separating the calculations in terms of 
Ag thickness into three regions, ultra thin Ag (<17nm) where only the short range SP 
mode is present, intermediate Ag thickness (between 17 nm and '80 nm) where both 
the short and long range SP modes are present, and optically thick Ag (>80 mu) where 
the long range SP mode has disappeared from the power spectrum, we can see that 
it is in the intermediate thickness region where we see most of the SP activity which 
we anticipate will manifest in experimental measurements. In the samples we prepared 
(following the same procedure in section 4.2.2), the thicknesses of the Ag films are 
therefore predominately in this region with a range between 8 nm and 130 nm. 
We performed TRPLS and PLQE measurements on the aforementioned structures. 
We begin by examining the PL spectra from TRPLS measurements. Figures 4.11A and 
4.11B show the time - integrated PL emission spectra and time - resolved PL decay spec- 
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tra respectively. For a true comparison, the time - integrated PL spectra are corrected 
for the reflectivity of the Ag film at the various thickness. The corrected spectra are 
then normalized as follows: 
(A) 	0:11 (A)  
fo 	W(A) dA 
	 (4.1) 
Also shown in the inset of figure 4.11A are the values of the first moment of the PL 
spectra, (A), which are given by: 
A • kli(A) dA 
(A) = ° 
	
(4.2) 
Jo 	(A) dA 
At first glance at the time - integrated spectra, we see there are no perceivable vari-
ations in the shape of the PL spectrum and the vibronic structure is preserved in all 
the samples measured. This is confirmed by the values of (A), which span a range of 
less than 6 nm, insufficient to be of significance. Furthermore, a detailed examination 
of the PL spectra of individual samples at successive 4 ns time intervals in the duration 
of the decay reveals that the spectral shape is largely independent of time. Any form 
of radiative energy transfer would likely to occur in a time scale of nanoseconds and 
would certainly be evident in the break- down of the PL spectrum in this way. These 
observations suggest that the radiative properties of the F8BT emission have not been 
affected. 
Moving on to the time-resolved decay spectra, from inspection it is not immedi-
ately obvious whether the decays have deviated from a single exponential. However, it 
is clear that there is a spread in decay lifetimes as indicated by the varying slopes. In 
a similar fashion to section 4.3.1, we extract the characteristic lifetime, (7), from the 
time - resolved measurements using the statistical method. Shown in figure 4.12 are the 
values of (7) extracted from figure 4.11B together with ri from PLQE measurements. 
Let us first discuss the lifetime results. It should already be apparent from figure 4.11B, 
where all the time - resolved decay spectra from structures with Ag have a steeper slope 
than the plain F8BT case, that lifetime is quenched regardless of Ag thickness. We 
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Figure 4.11: A) Time - integrated PL spectra of F8BT:Ag samples of varying 
Ag thickness between 8 nm and 130nm. (A) and the full width half maximum 
(FWHM) from the PL spectra are shown in the inset. B) Time - resolved PL 
decays from the same structures. Four individual spectra are highlighted to em-
phasise the variation in gradient. 
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would expect this to occur since Ag is a lossy material. The initial decrease of M with 
increase in Ag thickness reaches a minimum at Ag thickness ti  18 nm. As the thickness 
of the Ag film increases further, the trend reverses and (T) increases and plateaus for 
Ag thickness beyond 60 nm. This non - monotonic relationship with no associated spec-
tral variations are further indication that these observations are not related to intrinsic 
material properties of the polymer. 
0 20 40 60 80 100 120 140 
Ag thickness / nm 
Figure 4.12: (1-) and n of 45 nm F8BT films in F8BT:Ag samples of varying 
Ag thickness between 8 nm and 130nm. T from exponential line- of- best- fit are 
shown in grey. Inset: Values of ST = (T) - T as a function of Ag thickness. 
We can also reasonably extract values of T from the least - square line - of- best - fit 
method. These are shown in grey in figure 4.12. We can see the values yielded follow 
approximately the same dependence on Ag thickness as (r), which indicates no significant 
deviation of the decay spectra from a single exponential form and any deviation is 
systematic and affect all samples equally. 
Turning our attention to the PLQE measurements, we see that similar to (7), all 
samples showed quenching of g  compared to a plain polymer film, which has an efficiency 
of —59 %. Samples with the thinnest Ag layers exhibited the lowest PLQE, less that 10% 
for samples with Ag thickness of 8 nm. Up to the Ag thickness of ,-,25 nm, 17 increases 
approximately linearly with Ag thickness, reaching a maximum of —23 % for samples 
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with Ag thickness of 48 nm. Beyond the maximum there is a slight decrease before 77  
plateaus for samples with the Ag thickness > 60 nm. When examined in conjunction 
with the TRPLS measurements, the most striking feature of figure 4.12 is that the peak 
in ri does not occur at the same Ag thickness where the minimum in (7) occurs. Usually 
a reduction in (7) would indicate that the radiative decay rate is enhanced but the 
displaced PLQE peak suggests the cause of the reduced (7) is not from the enhancement 
of the radiative decay rate. 
4.3.2.4 Discussion 
Initially it may not be unreasonable to attribute the enhanced reduction in (7) for 
samples with intermediate Ag thicknesses to the cut - on of the long range SP mode, 
which occurs at approximately the same Ag thickness as the (T) minimum. However, 
with the on-set of an additional non-radiative decay channel, we would expect to ob-
serve a continual decrease in (7) rather than an increase, which we observed experimen-
tally in samples with Ag thickness greater than 20 nm. To clarify this we can examine 
the power lost to various parts of the power spectrum, especially to the SP modes of the 
structure. Figure 4.13 shows the radiative, non-radiative, and the total power loss given 
by equations 2.9, 2.10a, and 2.10b as a function of Ag thickness. For an estimation of 
the power loss to the long and short range SP modes we integrated for the areas beneath 
a Lorentzian curve fitted to the peaks of the power spectrum. These are also shown in 
figure 4.13 with a close - up of the long range SP mode shown in the inset. 
We can immediately see that the total power lost is dominated by the non-radiative 
component, which is itself composed mainly of the power lost to the short range SP 
mode. In comparison, the radiative component is small and power lost to the long range 
SP mode is lesser still. As discussed in the previous two sections, beyond an Ag thickness 
of ,,80 nm, the power lost to the various components remain largely unchanged. In the 
region where the Ag thickness is between 10 nm and 30 nm, the power lost to the short 
range SP mode is significantly enhanced, which also causes an enhancement in the total 
power lost. 
To facilitate the comparison with the above calculations, we extract the radiative 
and non-radiative decay rates from experimental measurements. By combining the two 
40 80 120 
Ag thickness / nm 
20 40 60 80 100 120 140 
Ag thickness / nm 
Chapter 4 	 79 
Figure 4.13: Various components of the power spectrum of a parallel dipole in an 
air/F8BT/Ag/Si02 structure as a function of Ag thickness. F8BT thickness is 
45 nm, A = 536nm. 
sets of data, these can be obtained from the following two expressions [99]: 
1 
T =  	 (4.3a) 
FR + r  NR 
71 = p _,_ 
PR 
 r 	 (4.3b) 
"" R ' "" NR 
where PR and PNR are the radiative and non - radiative decay rates respectively. When 
applying equation 4.3a one is assuming that the decay follows a simple single exponential 
form, which is the solution to the simple first order rate equation. Although it is not 
clear whether the decay curves shown in figure 4.11B are single exponential or otherwise, 
is it none the less informative to apply equations 4.3a and 4.3b to our data in the absence 
of a definitive alternative. The decay rates extracted from the values of (7-) and 17 of 
figure 4.12 are shown in figure 4.14. 
Much parallels can be drawn between the calculated radiative and non - radiative 
power lost and the experimental decay rates. It can be seen that non- radiative processes, 
where the decay rate is a factor of —6 greater than the radiative decay rate, is the 
dominant route for decay with an enhancement between the Ag thickness of 10 nm to 
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Figure 4.14: Radiative and non - radiative decay rates calculated from equation 
4.3a and 4.3b for F8BT:Ag samples of varying Ag thickness between 8nm and 
130 nm and F8BT thickness of 45nm. 
30 nm. However, there appears to be a modest but significant enhancement of the 
radiative decay rate between the Ag thickness of 30 nm and 50 nm which is not present 
in figure 4.13. Furthermore, we note that this enhancement coincides with the power 
lost to the long range SP mode (see figure 4.13 inset). 
Figure 4.13 can be reinterpreted for a more direct comparison with figure 4.12 by 
following equations 2.11a and 2.11b. Shown in figure 4.15 are the calculated lifetime (.2) 
and PLQE (Q) as a function of Ag thickness, scaled accordingly as discussed in chapter 
2. The enhanced non - radiative decay rate has caused a reduction in .2, which coincides 
with that observed experimentally. The close resemblance between the calculated and 
experimental lifetimes, and the non-radiative decay rates allows us to confidently con-
clude that the overriding mechanism governing the behaviour of Kr) is indeed the short 
range SP mode. 
The case for PLQE is less straight forward. By simply taking the radiative power 
component (solid line in figure 4.15), Q initially increases with Ag thickness and grad-
ually plateaus without reaching a peak. Earlier we noted that the maximum power lost 
to the long range SP mode occurs at the same Ag thickness as the peak in r, (and 
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Figure 4.15: Calculated values of lifetime (2) and PLQE (Q) of an 
air/F8BT/Ag/Si02 structure as a function of Ag thickness, with appropriate scal-
ing factors. F8BT thickness is 45 nm and A = 586nm. Dotted line is calculated 
PLQE with the addition of <9 LRSP • 
similarly in Ti) observed experimentally. Theoretically speaking, it is possible for the 
long range SP mode to out - couple to radiation via scattering due to surface roughness. 
In this case, equations 4.3b and 2.11b would be modified as follows: 
where FLRSP  and ,9 ',lisp are the decay rate of and power loss to the long range SP mode 
respectively, and y is the fraction of the long range SP power out - coupled to free - space 
radiation. The dotted line in figure 4.15 shows PLQE calculated from equation 4.4b. 
In order to replicate the peak in our experimental observations, y must take on a high 
value. In figure 4.15 we have set 7= 1, i.e. complete out - coupling. However in reality, 
will likely to be much less than 1. It has been reported in the literature that the SP 
mode excited by the near-field emission of a layer of excited molecules deposited on a 
metal coated face of a high index prism is able to out - couple to radiation much like 
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the reverse of prism coupling [21, 100]. In this regard, further experimental work and 
calculations are need before a more definitive conclusion can be made as to the precise 
mechanism responsible. We shall explore this in the next section. 
4.3.3 Surface plasmon coupled emission 
In this section we present experimental results regarding how the position of the 
LEP film in relation to the metal film and substrate influence the observation of PLQE 
enhancement discussed in the previous section. Taking the structure from figure 4.7, if 
the F8BT film is placed between the Ag film and substrate, not only will the refractive 
indices immediately adjacent to the F8BT film be altered, those adjacent to the Ag film 
will also be modified. To minimize the disturbance of the optical environment close to 
the Ag film, we employ a technique in which F8BT is dispersed into an optically inert 
polymer. By depositing the plain inert polymer on one side and the dispersed F8BT on 
the other, the interchanging of the two will induce a much smaller refractive index change. 
From another perspective, we are interchanging the two bounding media, namely air and 
SiO2. Figure 4.16 shows a schematic diagram of the described structures where PMMA 
is the inert polymer. We shall henceforth refer to these as PMMA:Ag:F8BT-PMMA and 
F8BT-PMMA:Ag:PMMA structures. 
We performed PLQE measurements on these samples and the values of i  are shown 
in figure 4.17. For samples with Ag thickness below 50 nm, the values of n obtained 
from both structures are similar and increases approximately linearly with Ag thickness. 
Above 50 nm, for the F8BT-PMMA:Ag:PMMA structure, the rate of increase of ri begins 
to drop and plateaus for samples with optically thick Ag films. For PMMA:Ag:F8BT-
PMMA structures with the same optically thick Ag films, the values of i obtained are 
significantly lower. With insufficient data points, it is difficult to determine whether 
the peak at Ag thickness of 50 nm is genuine. However, the higher values of 77 for 
F8BT-PMMA:Ag:PMMA structures are consistent with SP coupled emission where the 
structure geometry more closely resemble those used in reverse ATR experiments [21]. 
Studies have shown that in similar planar structures, a mode exist where the field is 
decaying in one outer medium but oscillates in the other, which is to say the field is ra-
diating [61]. In an F8BT-PMMA:Ag:PMMA structure where the higher index bounding 
PMMA:An:F8BT-PMMA 
- • F8BT-PMMA:Ag:PMMA 
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medium is on the far side of the Ag film in relation to the emitter, it is possible that such 
a radiating mode may exist. However in a PMMA:Ag:F8BT-PMMA structure where the 
higher index bounding medium is on the emitter side, such a mode is not supported. 
This refractive index contrast may be the basis of our observed PLQE difference. 
A 	
PMMA 
	B 	
F8BT - PM MA 
Ag 
F8BT - PM MA 
Si02 
Ag 
PMMA 
Figure 4.16: Schematic diagram of structures consisting of: A) Ag films of varying 
thickness sandwiched between an F8B T-PMMA matrix film and plain PMMA film 
both 70 nm thick and all deposited onto a Si02 substrate. B) as per A but with 
the matrix film and plain film reversed. 
20 
15 
10 
5 
0 	 
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Ag thickness / nm 
Figure 4.17: PLQE from A) PMMA:Ag:F8BT-PMMA and B) F8BT-
PMMA:Ag:PMMA structures for varying Ag thickness between 8 nm and 
130 nm. Thickness of F8BT-PMMA and PMMA are 70 nm. 
Regardless of the mechanism by which the power 'lost' to SP modes is recovered, i.e. 
via scattering or SP coupled emission, it is clear that the refractive indices of the outer 
media and their orientation is crucial to the process. If emission is indeed present on the 
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substrate side of the Ag film in F8BT-PMMA:Ag:PMMA structures, it may be possible 
for an absorbing molecule to recapture this energy. In chapter 5 we will return to this 
topic and attempt to clarify and utilize this phenomenon to demonstrate experimentally, 
and with the aid of calculations, the transfer of energy across a metal film of thicknesses 
that prohibits short distance non-radiative energy transfer. 
4.4 Additional results 
4.4.1 Increased F8BT thickness 
It was briefly mentioned in section 4.3.2 that the cut - on Ag thickness of the long 
range SP mode of an air/LEP/Ag/Si02 structure coincides with the observation of the 
(7) minimum experimentally, despite that any correlation between the two phenomena 
have been ruled out. In this section we present further evidence from experiment and 
calculation to support this argument. 
Shown in figure 4.18 are the values of the real part of Z,,j, of the long and short range 
SP modes of the air/LEP/Ag/Si02 structure for two different LEP thickness: 45 nm, 
and 57nm. Again, in both cases, we see the ever present short range SP mode for all 
values of Ag thickness. The varying degrees by which Re[ksp] shifts with Ag thickness 
reflects the different effective refractive indices due to the different F8BT film thickness. 
Crucially, we see that the cut - on Ag thickness of the long range SP modes differs. For 
45nm thick F8BT it is 17nm, and for 57nm thick F8BT it is 9nm. If contrary to our 
argument that the long range SP mode cut - on is in fact responsible for the (7), then 
the position of the (7) minimum would shift to a lower Ag thickness for structures with 
a 57 nm thick F8BT film. 
To confirm the argument made in section 4.3.2, samples similar to those shown in 
figure 4.7 with an F8BT thickness of 57nm were prepared and TRPLS and PLQE mea-
surements were performed. These results are shown in figure 4.19A and 4.19B together 
with the results for samples with a 45 nm thick F8BT film. Calculations for Y and Q 
were also performed. In order to highlight the plasmonic effects and to remove the non-
plasmonic effects from varying the F8BT film thickness as described in section 4.3.1.1, 
in the analysis we have normalized our data with respect to the structure where the Ag 
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Figure 4.18: Re[4] of the SP modes of an air/F8BT/Ag/Si02 structure as a 
function of Ag thickness calculated from a modal perspective [59] for F8BT thick-
ness of 45 nm (green) and 57nm (blue). A = 536nm. The light-lines of F8BT 
and Si02 are indicated by the green and grey dotted lines respectively. 
film is optically thick: 
(7) 	(T) 	
= 	 
1114.9—soo 
(4.5) 
where (r) and ij are the normalized lifetime and PLQE respectively, and (r) Ag 	and —oo 
are the lifetime and PLQE of the sample with an optically thick Ag film respec-
tively. .Y and Q are normalized in a similar fashion to give Y and Q, and are shown in 
figure 4.19A and 4.20 respectively. 
With the increase in F8BT thickness, enhanced lifetime quenching can still be ob-
served for Ag thickness between 10 nm and 30 nm for samples with 57 nm thick F8BT, 
however the extent of which has been significantly reduced. By increasing the thickness, 
an increased portion of the F8BT film is further away from the metal surface which 
would then experience less lifetime quenching, causing the overall observed quenching 
to reduce. This is in good agreement with our calculations. We also see that the Ag 
thickness at which the (r) (and 	minimum occurs shifts to a higher value for samples 
with 57 nm thick F8BT, the opposite direction to the shift in the cut - on Ag thickness 
F8BT thickness 
— 45nm 
— 57nm 
. 	 . 	.  
20 40 60 80 100 120 140 
1.4 
1.2 
(7) to 
0.8 
0.6 
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Figure 4.19: A)(7) and 	and B)i-1 of 45nm (green) and 57nm (blue) F8BT 
films in F8BT:Ag structures of varying Ag thickness between 8nm and 130nm. 
Values shown are normalized with respect to (r) _,c,0  and riA0—. 
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2.0 
1.5 
Q 
1.0 
0.5 
0 20 40 60 80 100 120 140 
Ag thickness / nm 
Figure 4.20: 
function of 
57nm and 
LRSP • 
Calculated values of Q of an air/F8BT/Ag/Si02 structure as a 
Ag thickness, with appropriate scaling factors. F8BT thickness is 
A = 536nm. Dotted line is calculated PLQE with the addition of 
of the long range SP mode. This provides further evidence that the long range SP mode 
cannot be the cause of the (T) minimum. 
To emphasize the role of the long range SP mode, we examine the PLQE results as 
shown in figure 4.19B. For samples with 57nm F8BT, the enhancement inn is much 
reduced to a point which is barely noticeable. Calculations of Q show that even when 
the long range SP mode power is included, the enhancement is much less prominent than 
that for samples with 45 nm thick F8BT, which are in agreement with our experimental 
observations. 
4.4.2 Red F:Ag samples 
Samples similar to that shown in figure 4.7 were fabricated with the 45 nm thick 
F8BT film replaced by a 70 nm thick film of the Dow proprietary material Red F. We 
will refer to these samples as Red F:Ag samples. The absorbance and emission spectra 
of Red F are shown by the solid lines in figure 4.21, those of F8BT are shown in dotted 
lines. We can see that the emission of Red F is shifted over 110 nm away from that of 
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F8BT to the red end of the visible spectrum. The absorbance spectra are similar with 
both materials having a common absorption band near 465 nm. 
0.4 
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0.0 
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r- 
5 
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700 
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Figure 4.21: Absorbance (blue) and PL (red) spectra of Red F. Dotted lines show 
the spectra for F8BT 
TRPLS and PLQE measurements were performed on these samples. Due to the in-
trinsic difference in (r) and n between the two materials, the results cannot be compared 
directly. Instead, we again normalize all data points with respect to the sample with the 
thickest Ag film as shown by equation 4.5. This procedure removes the intrinsic material 
differences and any surface effects caused by different material in contact with the Ag 
film. The results are shown in figure 4.22 together with those of F8BT from figure 4.12, 
which are shown in grey. 
We can see both (r) and ij for the Red F:Ag samples exhibit a similar dependence on 
Ag thickness as was found for the F8BT:Ag samples. Both the lifetime minimum and 
PLQE peak can be observed although reduced by a small fraction in magnitude for the 
Red F samples. Figure 4.23 shows .Fand Q calculated in the same way as described in 
the section 4.3.2 and normalized according to equation 4.5. The comparisons are very 
similar to those made in section 4.3.2. These experimental results and their agreement 
with calculations suggest that the effects observed cannot be due to cavity or interference 
effects which will strongly depend on wavelength. 
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2.5 
20 40 60 80 100 120 140 
Ag thickness / nm 
Figure 4.22: (r) and ij from Red F:Ag sample of varying Ag thickness between 
8 nm and 130 nm with Red F thickness of 70nm. Data from F8BT:Ag structures 
are shown in grey for comparison. Note that both sets of data are now normalized 
according to equ. 4.5. 
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Figure 4.23: Calculated values of lifetime (.. ) and PLQE (Q) of an 
air/Red F/Ag/Si02 structure as a function of Ag thickness. Red F thickness is 
70nm and A = 650 nm. Dotted line is Q with the addition of r LRSP' 
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4.5 Spacer layer revisited (LiF spacer) 
In this section we return to the subject of inserting a spacer layer between the metal 
and LEP film. In section 2.4 we saw how both lifetime and PLQE depend on the thickness 
of the Si02 layer in an F8BT:Si02:A1:Si02 structure. When the spacer layer thickness 
is well beyond that of the SP penetration depth, the observed variations are mainly 
caused by far - field effects, i.e. interference. At the other extreme, it is not immediately 
clear how the insertion of a spacer layer may alter the plasmonic environment and 
the coupling of the excited LEP molecules to the SP modes. A construction of this 
kind is typically found in light emitting devices where a thin layer of material with an 
intermediate work function is inserted between the active material and the electrode as 
a charge injection layer [101-104]. Wang et al. showed that by inserting a 3 nm thick 
layer of LiF between the electron transporting layer and the Ag cathode, the turn - on 
voltage of a green emitting OLED can be reduced from 10.8 V to 9.3 V [104]. Related 
results have been previously reported by Brown et al. where the authors observed an 
increase in the maximum efficiency of OLED devices by a factor of 	when a 7nm 
thick layer of LiF is inserted [102]. In these and other works, the electromagnetic effects 
of such a spacer layer were not discussed. However, as we will discover, these can be as 
important as its charge injection properties. 
Figure 4.24 shows a diagram of a structure consisting of a 52 nm thick F8BT film 
spin - coated onto a bilayer of 5 nm thick LiF and Ag of varying thickness between on a 
Si02 substrate. The thickness of the F8BT films chosen here allows us to make use of 
the results shown in section 4.4.1 as a point of reference. 
(r) and 77 from TRPLS and PLQE measurements on these samples are shown in 
figure 4.25. Data from structures discussed in section 4.4.1 are also shown in figure 4.25. 
For a valid comparison, all data are normalized with respect to (r) and 7/ of a plain F8BT 
film of the same thickness deposited on a Si02 substrate ((r) fdm and nfthi. We can see 
that with the addition of the LiF spacer layer, both (r) and n recovers significantly. The 
general trends, as a function of Ag thickness, remain largely unchanged, i.e. the enhanced 
quenching of (T) between Ag thickness of 10 nm and 30 nm, and the enhancement of n 
can still be observed. As in the previous section, we look at the different components of 
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F8BT 
LiF 
Ag 
Si02 
Figure 4.24: A structure consisting of a 52nm thick layer of F8BT deposited, 
via spin- coating, onto a bilayer consisting of 5nm LiF spacer and varying thick-
ness of Ag thermally evaporated onto a Si02 substrate. Samples are annealed to 
approximately 60° for 10 min to remove residual solvent in the FSBT film. 
the power spectrum to understand how the decay dynamics is being affected. Shown in 
figure 4.26 are the radiative and non-radiative components of the power spectrum for 
structures with and without the LiF spacer layer. 
The cause of the dramatic decrease of the non - radiative component is not imme-
diately obvious. It was discussed in chapter 2 that, in terms of calculations, in certain 
situations the dipole/metal separation is a significant factor in determining the non-
radiative power loss. In this case, there is a possibility that by inserting a spacer layer, 
the distance between excited molecules and the metal film has been increased. On the 
other hand, there is also the possibility that the insertion of a layer with different re-
fractive index can alter the SP mode profile, directly modifying the coupling of output 
power. To investigate this further, we look at several hypothetical situations as shown 
in figure 4.27. In cases 'A' and 93', there is no spacer layer but the dipole position in 
`B' is an additional 5nm away from the Ag layer. In cases 'C' and 'D' a 5nm layer of 
LiF is added between the F8BT layer and Ag layer but in 'C' the dipole is placed the 
same distance from the metal film as case 'A'. The power spectra of these structures are 
shown in figure 4.28A and 4.28B for Ag thickness of 20 nm and 120 nm respectively, the 
F8BT thickness is 52 nm and the LiF thickness is 5nm. 
In all cases the short range SP mode is still the most prominent non - radiative 
feature with little alteration to the radiative components, which is consistent with the 
experimental observations where the dip in (r) is present even with the insertion of the 
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Figure 4.25: Lifetime (A) and PLQE (B) from air/F8BT/LiF/Ag/Si02 struc-
tures for varying Ag thickness (blue). F8BT thickness is 52 nm and LiF thickness 
is 5 nm Data from structures without LiF are also shown for comparison (black). 
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Figure 4.26: Radiative (dotted line) and non-radiative (solid line) compo-
nents of the power spectrum for a parallel dipole in air/F8BT/Ag/Si02 (black) 
and air/F8BT/LiF/Ag/Si02 (blue) structures as a function of Ag thickness. 
A = 536 nm. 
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Figure 4.27: Four idealized structures. A) and B) are air/F8BT/Ag/Si02 , C) and 
D) are air/F8BT/LiF/Ag/Si02 . For A) and D) the dipole is embedded centrally. 
In B) and C) the dipole is shifted 5 nm away and closer to the Ag film respectively. 
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spacer layer. Comparing the power spectra for cases 'A' and 13', for 19 <3 there is little 
difference but for larger values of191 , the increased separation between the dipole and the 
Ag layer in the case of 'B' results in a small decrease in the power spectrum. Conversely, 
comparing cases 'C' and 'D', the decreased separation between the dipole and the Ag 
layer in the case of 'C' results in a small increase in the power spectrum. However, these 
small differences alone are insufficient to cause the dramatic recovery of both (7)  /(7- 
/ film  
and 7//,,, 	. The greatest modification to the power spectrum in the four cases comes f ilm 
from the insertion of the spacer layer. The lower refractive index of LiF caused the short 
range SP mode to shift to smaller values of iz11 and the width of the peak to narrow, the 
`lossy surface wave' region of the power spectrum has also been significantly reduced. 
When we examine the SP mode fields, shown in figure 4.29A and 4.29B, we see that 
in both examples, the long range SP mode has scarcely been affected, where as the 
short range SP mode has been noticeably reduced by the insertion of the LiF spacer 
layer. The subsequently reduced coupling to these non - radiative components lead to an 
over all significant reduction in power lost, which would account for the experimental 
observations. 
From the above results and analysis, we can conclude that by inserting a thin film of 
LiF spacer layer between the F8BT and Ag film, the general excited lifetime and PLQE 
quenching can be recovered by a significant amount. We demonstrated that this recovery 
can be accounted for from an electromagnetic perspective instead of the more common 
approach regarding work function and charge injection. Our calculations showed that 
the insertion of the spacer layer has not merely increased the dipole/metal separation, 
but has indeed modified the SP modes, leading to a reduced coupling. 
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Figure 4.28: Power spectra of the structures shown in fig. 4.27 for• Ay thickness 
of A) 20 77,177, and B) 120 nm. A = 536 nm. 
LRSP 
0 7 E  
400 
200 
-200 ST 
-400 
-600 
Chapter 4 	 96 
A 
400 
200 
7E 	0 
-200 ST 
r:t -400 
-600 
-800 
B 
-200 
	
0 	200 
	
400 
z / nm 
-800 
-200 
	
0 	200 	400 
z / n rn 
Figure 4.29: Re[Hy ] of the long and short range SP mode fields for 
air/F8BT/Ag/Si02 (black) and air/F8BT/Ag/LiF/Si02 (blue) structures with 
Ag thickness of A) 20 nm and B) 120nm. A = 536nm. 
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4.6 Summary and remarks 
To briefly summarize, in this chapter we dealt with several electromagnetic effects 
that can influence the decay dynamics of a thin film of excited light emitting polymer 
in a planar dielectric/metal structure with particular emphasis on the plasmonic effects 
of having a finite thickness metal layer in close proximity. Our calculations suggest 
that for LEP film immediately adjacent to a metal film of finite thickness, the majority 
of the output power is coupled to the short range SP mode of the structure with a 
small proportion coupling to the long range SP mode. We observed that the short 
range SP mode is enhanced at intermediate thickness of Ag films which manifests as 
enhanced lifetime quenching in TRPLS measurements. Although occupying only a small 
proportion of the total power, we saw evidence of the out - coupling of the long range SP 
mode in the form of enhanced PLQE. Further experimental results from increasing the 
emitting layer thickness confirms our hypothesis and by substituting in a red emitting 
material we were able to conclude that the observed effects are not related interference 
or waveguiding effects. 
We demonstrated that by inserting a thin layer of optically inert material between 
the emitting layer and metal film, the coupling to the short range SP mode and other 
`lossy surface waves' can be significantly reduced which results in the recovery of lifetime 
and PLQE quenching. Our calculations show that the cause for this reduced coupling is 
due to the refractive index 'barrier' created by the spacer layer. 
Chapter 5 
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5.1 Introduction 
In the previous chapter we saw what may potentially be evidence of surface plasmon 
coupled emission in the form of an increase in PLQE for F8BT-PMMA/Ag/PMMA 
structures with optically thick Ag films. In a prism coupling set - up, the coupled emission 
would radiate into the prism side at a well defined angle [100, 105], much the same as 
the resonant angle for in - coupling in an ATR setup. If fluorophores are present on 
the substrate side of the Ag layer then the SP coupled emission may act as excitation, 
effective transferring energy across the Ag layer. 
Energy transfer across a metal layer is technologically important for active plasmonic 
and bio - sensing devices [3]. However the length scales over which the two main mech-
anisms for radiationless transfer operate are often impractical for device designs. In 
Dexter transfer, which involves the overlapping of the wavefunctions of the donor and 
accepter molecules, the typical distance range is in the order of —40 A [106]. In Forster 
transfer, which involves the dipole - dipole interaction between the donor and accepter, 
the typical distance range is in the order of -40 nm [67, 107]. In contrast, the distance 
range over which SP mediated energy transfer operates can potentially be much greater 
than those afforded by Dexter or Forster transfer. An illustration is shown in figure 5.1. 
A 	 B 
<10nnA 1 >50nm 
Figure 5.1: An illustration showing the difference in length scale between 
A) Forster and B) SP mediated energy transfer. 
The works of Andrew et al. [51] and Shimada et al. [108] attempted to demonstrate 
the energy transfer of a similar nature in which the accepter is coupled directly to the 
SP field, mediating energy transfer. In the former, the authors examined a series of 
structures where a layer of accepter material is separated from the donor by Ag films of 
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thickness between 30 nm and 120 rnn. An optimum Ag thickness was proposed from the 
observation of accepter emission when the structure is excited at the donor absorption 
maximum, which is also where the accepter absorption is low. Having said that, the 
authors neglected to consider the regime of ultra-thin Ag films and the number of 
structures considered was in itself limited. In the later, similar structures with the 
addition of a spacer layer between the donor and Ag films and between the Ag and 
accepter films were examined. Similar observations of energy transfer from PL were 
made, however, the number of structures were again limited. 
In this chapter we re- examine this subject, utilizing the time-resolved spectroscopic 
techniques described in chapter 3 as well as spectrally resolved analysis, with structures 
spanning a much wider range of metal thicknesses than in previous studies [109-115]. 
We also investigate the effects of the interchanging the energy donating and accepting 
layers of the structure and examine their impact on energy transfer. 
5.2 Materials and structure 
5.2.1 Materials 
To maximize the possibility of energy transfer, the emission of the donor must spec-
trally overlap the absorption of the accepter [67]. To maintain a continuity with the 
previous chapter, we will adhere to the use of F8BT as the emitter. With an absorption 
peak that overlaps the emission of F8BT and emission peak at 615 nm, the laser dye 
Rhodamine-640 (Rh640) is then an ideal candidate as the accepter. Rh640 is widely used 
as the active material in dye lasers, typically pumped by a frequency doubled Nd:YAG 
laser which has an emission wavelength that coincides with the PL maximum of F8BT. 
Even though the spectral properties of Rh640 has been extensively investigated in the 
past [116], the previous chapter has shown that many of these depend heavily on the 
structural geometry of the sample in consideration, therefore our findings will be pre-
sented for consistency. The absorption spectrum of Rh640 and the PL spectrum of F8BT 
are shown in figure 5.2. 
Both the donor and accepter materials are dispersed in PMMA solutions before spin - 
coating. In order to produce films of sufficient quality (which requires a high spin rate), 
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Figure 5.2: Emission spectrum of 6mg/m1 F8BT dispersed in 25 mg/ml PMMA 
and absorbance spectrum of 6mg/m1 Rh64 0 dispersed in 25 mg/ml PMMA. 
a concentration of 25 mg/ml was used in the preparation of PMMA solution in toluene. 
For Rh640, a concentration of 6 mg/m1 was used to maximize PL efficiency at the same 
time avoid concentration induced quenching. For consistency, the same concentration 
was used for F8BT. All materials were dissolved in methanol for spin - coating. For 
conciseness, we shall henceforth refer to the dispersed F8BT and Rh640 simply as the 
donor and acceptor respectively. 
5.2.2 Structure 
Figure 5.3 shows a schematic diagram of the two structures examined in this chapter. 
The structures consist of a 70 rim thick film of donor spin- coated onto a Si02 substrate, 
an Ag film of varying thickness between 8 nm and 130 nm thermally evaporated over 
the donor, and capped with a 70 nm thick film of accepter spin - coated on top. Struc-
tures where the donor and accepter have been interchanged are also prepared. We will 
henceforth be referring to these as Acc:Ag:Don and Don:Ag:Acc structures. 
Due to the large difference between the refractive indices of plain F8BT and plain 
Rh640, we have chosen to disperse both materials into a common inert polymer where the 
resultant refractive indices are much more comparable. As pointed out in section 4.3.3, 
R
ef
ra
ct
iv
e  
in
de
x  
1.55 
1.50 
Chapter 5 
	
102 
limiting the contrast between the refractive indices on either side of the Ag film ensures 
that the behaviour of the SP modes are not significantly affected when the materials on 
either side of the Ag film are interchanged. Figure 5.4 shows the refractive indices of 
the donor, accepter and substrate calculated from absorption measurements using the 
Kramers- Kronig relation, details of which are given in reference 117. 
A 	 Accepter/reference 	 Donor 
   
 
Ag 
Donor 
Si02 
Ag 
Accepter/reference 
  
Figure 5.3: Schematic of structures consisting of A) 70 nm of accepter, varying 
thickness of Ag, and 70 nm of donor, all deposited on Si02 substrates, and B) as in 
A with donor and accepter reversed. Similar structures with the accepter replaced 
by plain PMMA of the same thickness were also fabricated for reference purposes. 
Rh640-PMMA 
	 PMMA 
1.45 
200 300 400 500 600 700 800 
Wavelength / nm 
Figure 5.4: Refractive indices of the donor, accepter, and plain PMMA calculated 
from absorption data using the Kramers - Kronig relation. The vertical dotted 
lines indicate the peak emission wavelengths of the donor (536 nm) and accepter 
(615 nm). 
Chapter 5 	 103 
5.3 Experimental results 
We performed TRPLS on the samples described in the previous section. Excitation 
and collection of emission are both from the donor side. The excitation wavelength 
was at 409 nm which falls in the absorption peak of F8BT but is well away from the 
absorption of Rh640 to minimize direct excitation by the laser source. We proceed by 
analysing the time and spectrally resolved results separately. 
5.3.1 Spectral analysis 
We will first analyse the spectrally resolved data. The TRPLS measurements are 
divided, along the time axis, into three consecutive sections between 0 ns to 1 ns, 1 ns to 
2 ns, and 2 ns and beyond. Data from each section is then time integrated to produce 
three PL spectra which are then normalized according to equation 4.1. These are shown 
in figure 5.5. The point t = 0 ns is taken to be the peak in emission from the time-
resolved decay spectra 
For Acc:Ag:Don structures, when the Ag film is thick, e.g. for samples with Ag 
thickness of 50 nm, 80 nm and 130 nm, the PL spectrum remains largely unchanged 
for the entire duration of the decay. We can see that traces of accepter emission is 
evident from visual inspection for the sample with Ag thickness of 25 nm, and becomes 
more prominent for samples with thinner Ag films. We can immediately discount direct 
excitation of the accepter by the laser source since at the excitation wavelength, as the 
emission of the accepter would be much too weak in comparison to the donor emission 
to be visible. Where it is observable, the accepter emission emerges between 1ns and 
2 ns, and becomes more prominent from 2 ns and beyond. We must point out that this 
does not signify delayed emission but merely long lived emission. At these thicknesses, it 
is reasonable to attribute the cause of accepter emission to the emission from the donor 
radiating through the Ag film directly exciting the accepter since the transmission of 
the Ag film is greater than 60 % at 18 nm. 
The spectral properties of Don:Ag:Acc structures are on the other hand very differ-
ent. Accepter emission can be clearly observed for all samples, even for those with Ag 
thickness of 50 nm, 80 nm and 100 nm, where accepter emission was not observed in the 
700 700 	 500 550 600 650 
Wavelength / nm 
cd 
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= 25nm 	 Acc:Ag:Don 
TA9 = 50nm 	 Acc:Ag:Don 
TAg = 80nm 	 Acc:Ag:Don 
Tom = 130nm 	 Acc:Ag:Don 
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Acc:Ag:Don sample of the same Ag thickness. At 50 nm, the transmission of the Ag 
film at the donor emission wavelength is less than 12 % and decreases to 6% at 130 nm. 
Thus it is unlikely that direct excitation can occur. We also note that compared to 
the Acc:Ag:Don samples, the accepter emission from Don:Ag:Acc samples with thin Ag 
films are significantly more prominent. This is most clearly presented by the PL spectra 
for 2 ns and beyond in figure 5.5. 
A 
Figure 5.5: PL spectra from TRPLS measurements for A) Acc:Ag:Don and 
B) Don:Ag:Acc structures integrated between 0 ns to 1 ns (black), 1 ns to 2 ns (red), 
and 2ns and beyond (green). 
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The observation of accepter emission from Don:Ag:Acc samples with 50 nm, 80 nm, 
and 130 nm thick Ag films clearly cannot have originated from Dexter or Forster transfer. 
Across such large distances, the only possible path by which energy can be transferred 
under these circumstances is via SP modes, however from spectral analysis there is 
insufficient information for a conclusion to be made as to whether the mechanism is SP 
mediated energy transfer or excitation from SP coupled emission. In the next section 
we conduct a temporal analysis on the same set of TRPLS data for further indications 
of energy transfer mechanism. 
5.3.2 Temporal analysis 
From the spectral analysis in the previous section we can see that it is no longer 
appropriate to extract a spectrally integrated lifetime due to the fact that there are 
now two distinctly separate emitting species at different wavelengths. It is necessary to 
monitor the lifetimes at the donor and accepter emission wavelengths separately. We 
carry this out by integrating the TRPLS data over the range of Ad,a, ± 20 nm as shown 
in figure 5.6 where Ad,a, is the donor/accepter peak emission wavelength. Each spectrum 
is also peak normalized to show the spread in the gradient of the decay spectra. The 
obtained decay spectra are shown in figures 5.7 and 5.8. Three individual decay spectra 
are highlighted to emphasize the gradient variations. 
For Acc:Ag:Don samples (figure 5.7), all decay spectra showed single exponential 
behaviour at the donor emission wavelength. On the other hand, at the accepter emission 
wavelength, the samples which exhibited accepter emission in the spectral analysis in 
the previous section showed signs of deviation from single exponential, although this 
appears to be minimal. The decay spectra of Don:Ag:Acc samples are on the other hand 
markedly different (figure 5.8). At the donor emission wavelength the decay spectra 
are almost identical, all with much steeper slope than those of Acc:Ag:Don samples. 
Variations only occur at the accepter emission wavelength where there appears to be a 
common fast decay section of approximately 1.5 ns beginning from the peak of the decay 
spectrum followed by a long lived tail with varying slopes between different samples. 
From the decay spectra, (T) at the separate emission wavelengths can be extracted 
as given by equation 3.5 and are shown in figures 5.9 and 5.10. As a reference, we can 
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Figure 5.6: Example of a streak camera image from a PMMA:Ag:Don sample 
with Ag thickness of 25 nm. PL spectra of the donor and accepter are also shown. 
The spectral range over which the donor and accepter decays are integrated over 
are indicated by the green and red boxes which span between 514.6 nm to 554.6 nm 
and 594.6nm to 634.6 nm respectively. 
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Figure 5.7: TRPLS decay spectra for Acc:Ag:Don structures for various Ag thick-
nesses at A) donor emission wavelength and B) accepter emission wavelength. 
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Figure 5.8: TI?PLS decay spectra for Don:Ag:Acc structures for various Ag thick-
nesses at A) donor emission wavelength and B) accepter emission wavelength. 
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compare these with the samples discussed in section 4.3.3 where there are no accepter 
molecules present, which we will henceforth refer to as Ref:Ag:Don and Don:Ag:Ref 
samples. 
We can see that both Ref:Ag:Don and Acc:Ag:Don samples exhibit enhanced life-
time quenching at both the donor and accepter emission wavelengths for Ag thickness 
between 10 nm and 30 nm, which strongly resembles that observed in section 4.3.2 and 
is likely to originate from the same cause. In the case of Acc:Ag:Don samples, we see 
the same enhanced quenching at the accepter wavelength, but also a further enhanced 
quenching at the donor emission wavelength for samples that exhibit accepter emission 
in the spectral analysis in the previous section. To illustrate this more clearly, we ex-
amine the individual decay spectra of samples at two selected Ag thickness, 18 nm and 
130 nm. For Ref:Ag:Don samples, the decay spectra at the accepter wavelength are al-
most identical to that at the donor emission wavelength with any deviation being small 
and insignificant. This is the case for both Ag thickness examples. We would naturally 
expect these observations as there is only one emitting species for Ref:Ag:Don samples. 
The same observation can be extended to the Acc:Ag:Don sample with a 130 nm thick 
Ag film where no accepter emission was detected in the spectral analysis. However, the 
Acc:Ag:Don sample with 18 nm thick Ag film presents a donor emission decay spectrum 
that has a significantly steeper slope than that of a Ref:Ag:Don sample of the same 
Ag thickness. This shortening of donor lifetime would suggest that energy transfer has 
occurred, rather than the excitation by donor radiation as the spectral analysis would 
suggest. 
We now apply the same analysis for the Don:Ag:Ref and Don:Ag:Acc samples. For 
the samples with Ag thickness of both 18 nm and 130 nm, the deviation of the decay 
spectra at the donor emission wavelength from that at the accepter emission wavelengths 
for Don:Ag:Ref samples are almost identical, an observation that can also be made with 
Ref:Ag:Don samples, and the enhanced lifetime quenching discussed in section 4.3.2 
is also observed here. For Don:Ag:Acc samples, the deviation is far more substantial 
than that observed in Acc:Ag:Don samples. An unmistakable longer lived decay can be 
seen part way along the decay spectra as pointed out earlier. Furthermore, from the 
values of (r) we can see that at the donor emission wavelength, the relationship between 
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Figure 5.9: Lifetime from A) Ref:Ag:Don and B)Acc:Ag:Don structures. TRPLS 
decay spectra at the donor and accepter emission wavelength are also shown for 
samples with Ag thickness of 18nm and 130nm. 
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Figure 5.10: Lifetime from A) Don:Ag:Ref and B) Don:Ag:Acc structures. TRPLS 
decay spectra at the donor and accepter emission wavelength are also shown for 
samples with Ag thickness of 18 nm and 130 nm. 
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lifetime and Ag thickness has been rendered almost featureless in comparison to those 
at the accepter emission wavelength. Once again, the shortening of lifetime at the donor 
emission wavelength in an indication that energy transfer has occurred. 
Figure 5.11 shows the decay spectra for the Acc:Ag:Don and Don:Ag:Acc samples 
with a 18 nm thick Ag film at the accepter emission wavelength together with the decay 
spectra of a plain Rh640-PMMA film. Although far from a single exponential form, the 
decay spectra of a plain film of Rh640-PMMA is also certainly not of a double exponential 
form. In contrast, the decay spectra for the Don:Ag:Acc sample appears to be composed 
of two components. We explore this component property for the rest of the Don:Ag:Acc 
samples further by looking at the decay spectra at the accepter emission wavelength and 
the examine the appropriateness of single and double exponential lines - of- best - fit. 
10 	 
0 2 4 10 
Time / ns 
Figure 5.11: TRPLS decay spectra for the Acc:Ag:Don and Don:Ag:Acc samples 
with a 18nm thick Ag film at the accepter emission wavelength together with the 
decay spectra of a plain film of Rh640-PMMA. Dotted lines are guides for the eye. 
Shown in figure 5.12 are the individual decay spectra at the accepter emission wave-
length for Don:Ag:Acc samples with their corresponding least - square fits of single and 
double exponential curves, the corresponding autocorrelation functions are shown in the 
insets. From visual inspection of the least - square fits and the examination of the auto-
correlation functions, it is clear that a single exponential decay form no longer applies. 
A bi - exponential decay form produces much better fits to experimental decay spectra. 
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Figure 5.12: TRPLS decay spectra at the accepter emission wavelength with least-
square fit of single (grey) and double (orange) exponential decay for Don:Ag:Acc 
samples. The respective autocorrelation functions are shown in the insets. 
Chapter 5 	 114 
These comprise of the sum of a fast and slow decay. The two component lifetimes are 
shown in figure 5.13. 
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Figure 5.13: Component lifetimes from double exponential fits of the TRPLS 
decay spectra shown in fig. 5.12. 
We can see there is much similarity between the double exponential component life-
times and those shown in figure 5.10B. This confirms the identity of the two components 
being a fast donor component and a long lived accepter component. In the next section 
we present calculations which will aid in identifying the cause of accepter emission in 
Don:Ag:Acc samples. 
5.4 Calculations 
We first examine the behaviour of all the possible SP modes that are supported 
by the structures studied experimentally. Figures 5.14A and 5.14B show the values 
of Re[ksp] of the long and short range SP modes for an air/accepter/Ag/donor/Si02  
and air/donor/Ag/accepter/Si02 structure respectively as a function of Ag thickness 
calculated at the donor emission wavelength. The values for the structures where Rh640-
PMMA is replaced by plain PMMA are also shown for reference. We can immediately 
see that in both types of structures, the ever - present short range SP mode behaves in 
much the same manner as described in chapter 4. On the other hand, the long range SP 
modes are quite dissimilar. The fact that there is a significant shift in the values of k82 
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between the two structures indicates that even though precautions were taken to limit 
the refractive index contrast on either side of the Ag film, inevitable difference will arise 
from the disparity in absorption between the donor and accepter. 
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Figure 5.14: Calculated values of ic,,p for the long and short range SP modes 
for A) air/accepter/Ag/donor/Si02 and B) air/donor/Ag/accepter/Si02 struc-
tures as a function of Ag thickness. Light - lines of the various dielectric ma-
terials are shown by dotted lines: green - donor, red - accepter, and black - Si02 . 
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Unlike those previously discussed in chapter 4, for the air/accepter/Ag/donor/Si02 
structure, the long range SP mode is now below the light - lines of the donor, accepter and 
the substrate, although still above the free - space light - line. Being below the substrate 
light - line, the field of this mode is no longer purely decaying in the substrate, but is 
instead oscillating and the consequence is that we no longer observe the peak in the 
power spectrum. Shown in figures 5.15A and 5.15B are individual power spectra for the 
two structures with Ag thickness of 50 nm, 80 nm and 130 nm where the absence of the 
long range SP modes are highlighted in figure 5.15A. Where the mode falls above the 
substrate light - line, the SP mode peak is observed in the power spectrum per usual, as 
shown in figure 5.15B for the air/donor/Ag/accepter/Si02 structure. 
A more detailed examination of the power spectra, shown in figure 5.15B, reveals 
that the short range SP mode for the air/donor/Ag/accepter/Si02 structure with Ag 
thickness of 130 nm does not appear in the power spectrum despite the fact that it is 
supported, as shown in figure 5.14A. Moreover, the long range SP mode that we expect 
to have disappeared is still present when the Ag film is optically thick. These unexpected 
behaviour are due to the localization of the SP mode field which is now the opposite to 
the air/F8BT/Ag/Si02 structure discussed in chapter 4. 
To further illustrate this, the various components of the power spectrum for the the 
air/accepter/Ag/donor/Si02 and air/donor/Ag/accepter/Si02 structures are shown in 
figures 5.16A and 5.16B respectively. We can see that the power lost to the short range 
SP mode diminishes after peaking at an Ag thickness of ,,12 nm and plateaus as Ag 
thickness increases to beyond 70 rim for the air/accepter/Ag/donor/Si02 structure. On 
the other hand, by interchanging the donor and accepter layers, the power lost to the 
short range SP mode does not plateau but vanishes beyond the Ag thickness of ,100 nm, 
whilst the long range SP mode cuts-on and rises to a plateau although without peaking 
in the way the long range SP mode of the air/F8BT/Ag/Si02 structure did. We also 
note that the power lost to the long range SP mode in this case is far more substantial 
and occupies a large proportion of the total power. 
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Figure 5.15: Individual power spectra for A) air/accepter/Ag/donor/Si02 and 
B) air/donor/Ag/accepter/Si02 structures with the Ag thickness of 50 nm, 80 nm, 
and 130nm. Light- lines of the various dielectric materials are shown by dotted 
lines: green - donor, red - accepter, and black - Si02. A = 536 nm 
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Figure 5.16: 	Various components of the power spectrum for 
A) air/accepter/Ag/do 71, Or/Si 02 and 	B) air/donor/ Ag/accepter/Si 02 struc- 
tures as a function of Ag thickness. . = 536 nm. 
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5.5 Discussion 
Our spectral analysis shows undeniable evidence of energy transfer where accepter 
emission is observable in samples where the donor is separated from the accepter with 
an optically thick Ag film. However, our results are not in complete agreement with 
the works in references 51 and 108 in which the authors observed energy transfer in a 
Acc:Ag:Don type structure where the Ag layer is optically thick, contrary to the results 
presented in this chapter. It is possible that the refractive indices of the materials in the 
structures studied by, for example, Andrew et al. differ to those in our work sufficiently to 
account for this disparity. We can illustrate this sensitivity by examining the refractive 
index profiles, shown in figure 5.17, of the four structures studied in this chapter. 
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Figure 5.17: Refractive index profiles at the donor emission wavelength of 
A) Ref:Ag:Don, Don:Ag:Ref, C) Acc:Ag:Don, and D) Don:Ag:Acc structures. 
In Acc:Ag:Don and Ref:Ag:Don structures, the refractive indices of the Si02 sub-
strate and the donor layer are much more closely matched than those between air and 
the donor layer in Don:Ag:Acc and Don:Ag:Ref structures. It is in fact the substantial 
differences in the refractive indices at these boundaries as indicated by the green arrows 
in figure 5.17 are sufficient to prevent coupling to the long range SP mode in Acc:Ag:Don 
and Ref:Ag:Don structures. We can further illustrate this with the power spectra, shown 
in figure 5.18, of a somewhat simplified structure, air/PMMA/Ag/PMMA/Si02. By 
placing the dipole in the lower PMMA layer of this simplified structure, power is lost 
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only to the short range SP mode, where as power is lost to both the long and short range 
SP modes when the dipole is placed in the upper PMMA layer. 
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Figure 5.18: Power spectra of a parallel dipole embedded in the A) lower and 
B) upper PMMA layer of an air/PMMA/Ag/PMMA/Si02 structure where the 
Ag and both PMMA layers are 70 nm thick. A = 536 nm. 
Furthermore, the small but significant difference in the refractive index between the 
donor and accepter means that for Don:Ag:Acc and Don:Ag:Ref structures the long 
range SP mode is above the substrate light - line, but on the other hand for Acc:Ag:Don 
and Ref:Ag:Don structures this mode falls below the substrate light-line (see fig. 5.14). 
It was briefly mentioned in section 4.3.3 that the oscillating nature of this mode in 
the substrate region when it falls below the substrate light - line may be the means 
by which energy transfer operates. However, accepter emission was observed not in 
Acc:Ag:Don samples, but in Don:Ag:Acc samples, where the long range SP mode falls 
above the substrate light - line. The emergence of the long range SP mode for Don:Ag:Acc 
structures and the increased power lost with increasing Ag thickness shown in figure 
5.16B coincides with the region where the PLQE differs in figure 4.17. The out - coupling 
of the long range SP mode of Don:Ag:Ref structures, which has similar power spectrum 
components to those shown in figure 5.16B, would account for the PLQE enhancement 
observed in samples with Ag thicknesses of 80 nm and 130 nm and by the same token 
B 
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facilitate energy transfer discussed in this chapter. 
Despite the few inconsistencies of our results to those previously reported in the 
literature, there are some similarities to be found. In the works of both Andrew et al. and 
Shimada et al., the authors reported that energy transfer is maximized at Ag thicknesses 
between 40 nm and 60 nm. If we consider the Don:Ag:Acc samples with Ag thickness 
greater than 20 nm, the slower component of the TRPLS decay at the accepter emission 
wavelength (fig. 5.13) is maximized when the Ag thickness is in the region between 
30 nm and 60 nm, which compliments the two aforementioned works. 
5.6 Summary 
To briefly summarize, in this chapter we explored the possibility of energy transfer, 
via the coupling to SP modes, across a metal film of thicknesses that would otherwise 
prohibit Dexter and Forster type energy transfer. In structures that consists of an energy 
donating layer separated from an energy accepting layer by an Ag film, we observed 
accepter emission by exciting the donor layer even for structures with Ag film thickness 
of greater than 50 nm. From our calculations we find that it is the long range SP mode 
that is the likely mediator for this process, an observation that is consistent with the 
discussion made in the previous chapter. Further more, we find that by interchanging 
the donor and accepter layer, energy transfer can be essentially switched off due to the 
small but significant refractive index contrasts. 
An issue that we have not addressed is, given that energy transfer has occurred, what 
is the mechanism by which accepter emission can be observed across the Ag film, i.e. on 
the donor side, where emission is collected. There is the possibility that further coupling 
of the excited accepter takes place which then radiates as SP coupled emission. Clearly 
further experimental work is necessary for a more complete picture. 
We note that our findings are not entirely in agreement with previous reports. How-
ever, the results presented here provides a systematic investigation to a technologically 
relevant phenomenon which has, to the best of our knowledge, not been conducted. 
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6.1 Introduction 
In the concluding part of this thesis, we present a summary of the major findings 
from the previous chapters with discussions on some of the questions raised in the process 
and the possibilities of future work. 
6.2 Summary 
6.2.1 Excited Dipole Near Metal Surfaces 
The classical theory of an oscillating dipole in close proximity to a reflective surface 
has been well developed and documented in the literature, first in the context of radio 
waves propagating above the Earth's surface [35], and in recent decades in the context 
of radiating molecules near metal surfaces [36, 39, 41]. In this thesis we adapted the 
approach in the work of Ford et al. [41], in which the electric field of an oscillating dipole 
above a reflecting surface is modified by the reflection, to approximate the emission of a 
finite layer of light emitting polymer (LEP) within a dielectric/metal multilayer struc-
ture. The key steps in obtaining the expression for the power emitted as a function of the 
in-plane wavevector (k11 ) are outlined and attention were drawn to several key features 
of the approach. Utilizing the so called 'power spectrum', we identified the primary elec-
tromagnetic modes, including SP modes, that are associated with the multilayer systems 
that are subsequently studied experimentally in this thesis. 
With the aid of several idealized systems, we re - examined how various spectral and 
spatial parameters (including emission wavelength, dipole orientation, and finite and 
semi - infinite metal films) modify the decay dynamics of excited molecules by analyzing 
the modification of the power spectrum. We also successfully demonstrated the validity 
of employing such an electromagnetic model to describe physical systems involving con-
jugated polymers with good agreement being found between experimental measurements 
of excited state lifetime ((r)) and photoluminescence quantum efficiency (PLQE) with 
calculations, despite comments made in the literature suggesting the incompatibility of 
the model with conjugated polymers [50]. 
We also briefly discussed the influence of a metal surface on the energy transfer rate 
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within a finite polymer film in close proximity and the use of the 22-3 dependence when 
considering the diffusion equation. 
6.2.2 Materials and techniques 
We introduced several organic light emitting materials typically used in current re-
search and discussed the underlying processes that lends them their unique optical prop-
erties. We also briefly outlined their advantages and disadvantages regarding the work 
described in this thesis. 
The primary experimental techniques employed in this thesis were described in detail, 
namely absorption, PLQE, and time - resolved photoluminescence spectroscopy (TR-
PLS). We also discussed the intricacies of the analysis of data acquired from these mea-
surements and the suitableness of the metrics that can be extracted. 
6.2.3 Coupling of LEP to surface plasmon modes of single metal slab 
We examined several 'reference' structures experimentally to determine the choice 
of metal and the dimensions of various layers to be used in subsequent work where 
plasmonic effects are most likely to be measurable. We find that Ag is indeed a more 
suitable `plasmonic' material as suggested by many in the literature [96], due to its 
relatively modest `lossy surface wave' component and well defined SP peaks at visible 
wavelengths. We also discussed the reality that lifetime is no longer an intrinsic property 
of the LEP at the thicknesses concerned and is heavily dependent on the film thickness. 
Having established the necessary structural dimensions, we conducted an in- depth 
investigation on what effect the thickness of the Ag film in a F8BT:Ag structure has 
on TRPLS and PLQE measurements. Employing the techniques described in chapter 
3 we find that, regardless of the Ag film thickness, lifetime is substantially quenched 
with significant enhanced quenching for intermediate Ag film thickness between 10 nm 
and 30 nm. At the same time we observed an enhancement of PLQE, although shifted 
to Ag thickness between 30 nm and 60 nm. Using the model described in chapter 2 we 
calculated the power spectrum of these structures and the various components of 	as 
a function of Ag thickness. Compared with our experimental observations, we concluded 
that the main mechanism causing the observed quenching is primarily the coupling of 
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excited molecules to the short range SP mode and the enhancement of the decay rate of 
this mode is responsible for the enhanced quenching of (7). 
Our calculations also suggest that, with the inclusion of the long range SP power as 
radiative power, the enhancement of PLQE is likely to have originate from out - coupling 
of this mode although the precise mechanism is not entirely clear. Furthermore, the 
observation of this phenomenon appears to be made visible due entirely to the fact that 
the radiative decay rate is inherently low as a fraction of the total decay rate in the 
structures we studied. 
The key emphasis from the results we presented is that the plasmonic environment 
can be effectively controlled by the thickness of the Ag film where the SP modes of a 
dielectric/metal multilayer structure can be 'turned on and off' by varying the metal 
thickness. 
We then extended our experimental scope to structures with an increased polymer 
thickness and also to an altogether different light emitting material which has an emis-
sion peak that is substantially shifted spectrally to consolidate our arguments made 
above regarding the observations on lifetime quenching, enhanced quenching and PLQE 
enhancement and the mechanisms that are responsible for these phenomena. 
Finally, we examined the consequence of inserting a thin layer of LiF spacer between 
the LEP film and metal film. Experimental measurements and calculations of lifetime 
and PLQE show that the addition such a spacer layer provides a refractive index 'barrier' 
which modifies the SP mode field, especially the short range SP mode, and reduces the 
coupling to high kii value `lossy surface wave' components. As a result, lifetime and 
PLQE quenching can be substantially recovered by as much as 50 %. 
6.2.4 Energy transfer across a metal film via surface plasmons 
We examined the possibility of energy transfer across a metal film via the coupling 
of excited molecules in thin films of conjugated polymers to the SP modes of an Ag film 
of finite thickness in a variety of dielectric/metal multilayer structures. We investigated 
the influence of the refractive index profile of a given structure has on the SP modes 
supported and how this determines the likelihood of energy transfer. From the spectral 
and temporal analysis of TRPLS data, we observed acceptor emission from samples with 
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thin Ag films which we attribute to direct excitation from donor emission through the Ag 
film. For a certain orientation of the bounding media, accepter emission is also observed 
from samples with optically thick Ag films. With transmission coefficients of less than 
6 %, the possibility of direct excitation is negligible and at distances greater than 50 nm 
we can also rule out the possibility of Dexter or Fi3rster transfer. 
Our calculations show that for a certain orientation of the refractive index profile of 
the structure, the power lost by the donor layer to the long range SP mode of the struc-
ture occupies a significant fraction of the total power lost and the Ag thickness for which 
this occurs coincides with experimentally observed accepter emission. Furthermore, by 
interchanging the donor and accepter layer, the long range SP mode is shifted, in terms 
of k11 , such that it no longer appears in the power spectrum, i.e. no power lost. As a 
consequence, no evidence of energy transfer was observed. 
The above findings are consistent with the discussions made in chapter 4, although we 
note that our results are not entirely in agreement with previous works in the literature 
[51, 108] and further experimental work is necessary to resolve the issues raised. 
6.3 Future work 
A number of issues have arisen in the work in chapter 5 and further experimental 
work are needed in order for a more definitive conclusion to be made. The most obvious 
is angle - resolved PL. To address the question of how accepter emission is observed on 
the donor side, addition measurements from different sample orientation are required. It 
would also be interesting to investigate the effects of systematically varying the density 
of accepter fluorophores to further characterize this process of SP facilitated energy 
transfer across a metal film. 
There are also obvious extensions to the experimental work discussed in chapter 4. 
For example, systems consisting of different metallic materials, e.g. Au, Pt. These can 
easily be implemented into our calculations and would provide further support for, or 
indeed against, the validity of employing such a dipole model to describe the systems con-
cerned. Another example is to make use of techniques that produce polymer films with 
chain alignment. This will provide, experimentally, a more definite dipole orientation, 
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which can then provide a better comparison with calculations. Amplified spontaneous 
emission (ASE) is another phenomenon that strongly depends on the lifetime of the 
excited molecule. By controlling the surface plasmon modes of a metal film, it may be 
possible to initiate ASE in structures where the quenching effect of a metal film is often 
detrimental to the process. 
Extensive computational work have been on-going within the group regarding the 
plethora of electromagnetic modes that are associated with double metal slab structures 
[61]. With the addition of more dielectric/metal boundaries are addition SP and waveg-
uide modes, which can be controlled by varying layer thicknesses. Many of these modes 
have previously been ignored in the literature [60] but are found to in fact have many 
interesting properties that are potentially measurable experimentally. The availability 
of these calculations and those described in this thesis provide an ideal framework for 
structure design for experimental exploration without the trial - and - error process that 
is often carried out. 
Finally, in terms of the modelling work in this thesis, a natural development would 
be to include emission from a quadrupole. In the lengthy review by Chance et al., the 
authors outlined the steps in obtaining mathematical expressions for the decay rates. 
However these have not been implemented to describe any physical systems. It would 
be interesting to investigate the various arrangements in relation to the coupling to SP 
modes of multilayer systems. 
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